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 Although the commercialization of automotive proton exchange membrane fuel cells 
(PEMFCs) is imminent, additional reduction in cathode platinum electrocatalyst loadings are 
being pursued to meet cost targets. Currently ~30 g of Pt dispersed on a carbon black produces a 
net power output of 100 kW in automotive FC stacks ($50/gPt; $1500 per 100 kW stack). In order 
to eliminate any question of available Pt resources, the consensus target for total Pt loading is 
~0.1 gPt/kW and is roughly based on the current utilization estimates of platinum in catalytic 
convertors of gasoline powered engines. To achieve the target Pt loading, researchers are 
engaged in synthesizing novel oxygen reduction reaction (ORR) catalysts that exhibit an activity 
improvement of a factor of ~3–4. 
Rotating disk electrodes (RDEs) are being widely used as a screening tool to estimate 
the activity of the novel electrocatalysts synthesized in lab-scale (mg) quantities as candidates for 
PEMFCs. However, inconsistencies in measured ORR activity for baseline catalyst materials 
among labs often lower the reliability of novel catalysts activity values estimated by the RDE 
method. Therefore, to improve reliability of the RDE method, an investigation of measurement 
protocol parameters for the electrochemical area and ORR activity was conducted with down-
selections based on the criteria of reproducibility, duration of experiments, impurity effects and 
magnitude of pseudo-capacitive background correction. Also, the effect of catalyst film 
formation method on RDE on the measured ORR activity has been studied based on a 
statistically significant number of independent measurements. In order to comprehensively 
understand the sources of the losses on measured ORR by the RDE method, we have for the first 
time carried out the breakdown of losses on the measured ORR activity by using cyclic 
iv 
 
voltammetry (CV), electrochemical impedance spectroscopy (EIS), SEM, EDX and surface 
profilometry. Our systematic analysis and breakdown of losses for different quality films 
revealed the importance of forming thin-uniform film to avoid underestimation of the activity 
due to O2 diffusion limitation within catalyst films. In addition, we found that Nafion ionomer 
(commonly used ionomer in PEMFC) lowers the ORR activity on Pt supported carbon catalysts 
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INTRODUCTION TO OXYGEN REDUCTION REACTION ACTIVITY MEASUREMENTS 
FOR PROTON EXCHANGE MEMBRANE FUEL CELL CATALYSTS 
 
 Proton exchange membrane fuel cells have been studied for automotive application 
over the last couple of decades because of its high efficiency (gas mileage), high power density 
(drivability), and zero emissions for pollutants such as CO, NOx on board. Once hydrogen 
becomes available from sources other than fossil fuels such as solar, wind and thermal energy in 
energetically beneficial way, global warming gases caused by transportation can be significantly 
reduced. To reach this point, vast amount of research and development is still necessary. 
1.1 Current Status of Automotive Proton Exchange Membrane Fuel Cells 
Automotive manufacturers have announced the imminent launch (2015−2017) of 
proton exchange membrane fuel cell (PEMFC) vehicles in quantities of 1,000−10,000 
vehicles/year (Fig. 1.1). These vehicles have FC stacks that produce ~100 kW hybridized with a 
battery that can generate ~20 kW, and compressed H2 tanks (70 MPa/10,000 psi) that allows a 
driving range of 400 miles (Fig. 1.2).1–3 Significant improvements in the performance/power 
density of FC stacks have been accomplished over the last decade due to intensive research 
conducted at automotive companies as well as research funded by organizations such as the US 
Department of Energy (US DOE) and NEDO in Japan. However, several fundamental and 
practical challenges remain for large-scale commercialization (millions of vehicles). The 
challenge lies mainly in the durability and cost of fuel cell stack components (electrocatalyst, 
membrane, diffusion media, bipolar plates, etc.), and the balance of plant (thermal, fuel, air, and 
water management). Based on DOE estimations for 500,000 vehicles/year, the cost target for the 
2 
 
fuel cell system in 2020 is ~$30/kW which breaks down to an allowable catalyst cost 
~$500/vehicle (80 kW net power in order to attain drivability comparable to IC engine vehicles), 
which corresponds to 22% of the total system cost (Fig. 1.3).4,5 Based on recent market valuation 
of Pt (~$50/gPt), this corresponds to ~10 gPt/vehicle and is comparable to the total precious metal 
(Pt, Rh, Pd) content used today in catalytic converters of ultralow emission internal combustion 




Figure 1.1 FCVs launched from (a) Hyundai, (b) Toyota, and (c) FCV concept Honda.1–3 
 
 







Figure 1.3 Cost distribution of FC system (extracted and re-plotted from Ref. 4). 
 
 The world annual supply of platinum is ~130−150 tons. About 70−80% is sourced 
from South Africa (Rustenburg, Impala and Lornjo mines), 10% from Russia (Norlisk mine) and 
North America (Vale’s Canadian Nickel mines). Approximately 35% of platinum produced is 
consumed for automotive purposes, ~30% for jewelry and ~the rest for investment and industrial 
purposes.7 Industrial uses include glass industry, hard disk drives, petroleum refining and 
medical. Some of the catalysts especially those used in the automotive catalytic converters are 
recycled (~40 tons/year). Based on these figures, we can roughly estimate if the world 
resources/annual production of Pt can meet the demand for Pt catalysts in automotive PEMFCs. 
Once the PEMFC catalyst loading target of ~10 gPt/~100 kW stack (~10 gPt per car) is achieved, 
assuming a replacement of an ICE vehicle by a fuel cell vehicle (FCV), no increase in Pt 
production would be necessary. In addition, the DOE has conducted studies that determine that 
95% of the Pt in the FCV is recyclable.8 Therefore, availability and sustainability of platinum is 
not expected to be an issue for automotive PEMFCs. 
The current status of Pt loading in a carbon supported Pt (Pt/C) catalyst based 
automotive fuel cells is ~30 gPt to achieve ~100 kW as stack, which corresponds to 90 kW net 
power.4,5 Although the peak power is used only a few percent of the time in total driving time, 
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this target must be met to attain drivability of FCVs comparable to that of ICE vehicles. In 
addition, it is important to maintain the electrical efficiency at peak power above 55%, which 
implies that voltage is always greater than 0.65 V. One of the ways to lower the catalyst cost is to 
lower the catalyst loading per geometrical area without any loss in performance (Fig. 1.4a) and 
this pathway is the primary focus of this thesis work. This can be achieved by employing a 
catalyst that has a higher oxygen reduction reaction (ORR) activity such as Pt alloy catalysts and 
Pt based core-shell structured catalysts, etc. A second pathway is to improve the mass transport 
in the catalyst layer (O2 diffusion limiting current), so as to obtain a higher peak current and 
power density (Fig. 1.4b); this allows the reduction of the total geometric area of single FCs and 
hence the total Pt content of the stack. This can be accomplished by improving the catalyst layer 
structure, microporous layer/gas diffusion media structure, flow field design and chemical and 
physical properties of these components to increase gas diffusion and to control water and heat 
balance that have significant impact on mass transfer. It is important to note that improvement in 
the ORR activity (e.g. with a novel catalyst) must not result in lowering O2 diffusion limiting 
current. 
The cost of the PEMFC stack is also affected by electrocatalyst durability issues. If an 
electrocatalyst is unable to provide the power density at the end of life (EOL), additional catalyst 
must be applied to the cathode to compensate for the losses over time. Additionally, system 
mitigation methods are often applied to suppress high potentials during start-up/shut-down that 
result in added costs. There are three accepted mechanisms for the durability of the Pt-based 
electrocatalysts in the cathode of PEMFCs:9 i) Pt dissolution—small particles have high surface 
energy and dissolve by Ostwald ripening; ii) Pt migration and coalescence or agglomeration—Pt 




Figure 1.4   Two pathways to reduce Pt loading; (a) reduction through mass activity 
improvement, (a) reduction through O2 diffusion limiting current.9 
 
start-up and shut-down, a transient potential spike to potentials as high as 1.5 V occurs leading to 
carbon corrosion and Pt agglomeration. Various mitigation techniques are available to partially 
mitigate these phenomena. Smaller particles provide a higher surface area and hence higher mass 
activity; however the small particles also dissolve more easily due to their higher surface energy. 
A compromise has to be made and moderate sized particles in the range 3−4 nm provide 
reasonable activity and higher durability. Hybridization of the stack with a small battery is 
common and allows the dampening of some of the potential cycles that the stack undergoes 
during normal operation. Since this voltage cycling is the main cause of accelerated dissolution 
of Pt, hybridization suppresses the degradation by a certain amount. Platinum migration and 
coalescence occurs due to weak bonding between Pt and the carbon black support—the bond 
strength is not a well understood phenomena. Although the durability can be increased by using a 
graphitized carbon support, since these supports have much lower surface area, the Pt particles 
are closer to each other and more weakly bonded. A lower wt% Pt on such supports helps 
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partially mitigate the problem. Lastly, mitigating start-up/shut-down potential spikes require the 
use of purging the stack at shutdown along with electronics for shorting the stack during the 
transient—this leads to system complexity and higher costs. At this time an alternative support 
that is conductive, with reasonable surface area and higher corrosion resistance than carbon 
blacks has not been found. 
 The current status of the mass activity in the membrane electrode assembly (MEA) of 
the fuel cell is ~0.1−0.2 A/mgPt, and the DOE target for 2020 is 0.44 A/mgPt.10 Therefore, the 
mass activity needs to be improved by a factor of 2−4 to achieve the DOE target. Also, current 
durability status (3900 h for ~10% performance loss) is below the DOE target in 2020 (5000 h, 
which corresponds to 10 years/150,000 driven miles) with ~30 gPt. Thus, the Pt loading has to be 
reduced by a factor of ~4 while maintaining current performance and improving durability of the 
fuel cell. 
1.2 Membrane Electrode Assemblies of PEMFCs  
Membrane electrode assemblies (MEAs) of PEMFCs are composed of a proton 
exchange membrane (typically perfluorosulfonic acid membrane) sandwiched between two 
catalyst layers, anode where hydrogen oxidation reaction (HOR) occurs and cathode where and 
the ORR occurs (Fig. 1.5).11 Both sides of the catalyst layers consist of Pt nano particles 
supported on carbon blacks and ionomer such as Nafion. The catalyst layers are electronically 
connected to electron collectors (gas diffusion media) and protonically connected to the 
membrane. The ionomer in the catalyst layers provides protonic conduction throughout the 
catalyst layer. Because the ORR in the cathode catalyst layer is several orders of magnitude 





Figure 1.5 Cross sectional image of a MEA.12 
 
1.3 PEMFC Cathode Catalysts 
Pt nanoparticles used in PEMFCs are typically as small as 2−4 nm especially when 
deposited on a high surface area carbon black such as Vulcan (250 m2/g), graphitized Vulcan (80 
m2/g), Ketjen Black (800 m2/g), etc (Fig. 1.6). The surface area of these supported catalysts 
based on particle geometry is ~120 m2/gPt and provides an upper limit for utilization. Alloys of 
Pt such as PtCo, PtNi, PtMn, etc. are also being studied as potential cathode catalyst candidates 
that can exhibit higher activities than Pt on carbon.13–33 The surface area can be determined using 
CO chemisorption, X-ray diffraction (XRD) as well as transmission electron microscopy (TEM). 
The wt% or concentration of metal on the support is determined using inductively coupled 
plasma (ICP) analysis and thermogravimetry (TG). These fundamental characterizations of the 
dry catalyst powder provide a basis for the ensuing electrochemical studies where the 
electrochemical area (ECA, m2/gPt), ORR specific activity (SA, µA/cm2Pt) and mass activity 
(MA, mA/mgPt) need to be determined.  
1.4 Oxygen Reduction Reaction (ORR) in PEMFCs 
The ORR in PEMFCs is a sluggish reaction in which four electrons are transferred 





Figure 1.6  TEM images of Pt/Ketjen Black.36 
 
O2 first adsorbs on the catalyst surface, and is then reduced through two different pathways. One 
is direct 4e− reduction pathway expressed as: 
 
O2 + 4H+ + 4e− → 2H2O           Eo = 1.223 V     (1.1) 
 
the other is two step pathway which involves following two reaction steps: 
 
O2 + 2H+ + 2e− → H2O2            Eo = 0.67 V     (1.2) 
H2O2 + 2H+ + 2e− → H2O          Eo = 1.77 V     (1.3) 
 
 
Figure 1.7  Oxygen reduction reaction pathways.34,35 
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In the latter two step pathway, standard potential of the second reaction (Eq. 1.1) is 
significantly higher than that of the first reaction (Eq. 1.2), Eq. 1.3 is expected to occur rapidly 
after Eq. 1.2. However, a portion of H2O2 can be released to the bulk. Therefore, quantification 
of the reaction H2O2 can help to understand the reaction mechanisms. In PEMFCs, released H2O2 
can significantly degrade membrane and ionomer in the catalyst layer. Therefore, complete 4e− 
reduction to water is desired. 
1.5 ORR Specific and Mass Activity 
The ORR activity is commonly reported by mass and specific activity. The mass 
activity (MA, mA/mgPt) is defined as the kinetic current (ik) per Pt mass RHE at a defined 
temperature and O2 partial pressure, and can be obtained from an ORR I-V curve and Pt weight 
used in the catalyst layer.37,38 Since Pt mass directly reflects the catalyst cost, the MA is the most 
practical measure for catalyst activity. Because ORR takes place on the catalyst surface, the 
specific activity (SA, µA/cm2Pt) obtained from Eq. 1.4 is used for fundamental studies.37 
 
SA (µA/cm2Pt) = MA (mA/mgPt) / ECA (m2/gPt) x 102    (1.4) 
 
where the ECA is the Pt surface area that are electronically and protonically available. The SA 
can also be expressed in terms of more fundamental parameters as shown in Eq. 1.5.16,37,39 
 
SA = e x TOF x Ns        (1.5) 
 
where e is the elementary charge (1.6 x 10-19 C), TOF (site-1s-1) for ORR at each 
electrochemically active site and Ns is the number of electrochemically active site per gPt 
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(site/gPt). Typical TOF for a Pt/C catalyst is reported to be 25 site-1s-1 at 0.8 V vs. RHE, 80 °C 
and 100 kPa O2 atmosphere.37 
1.6 ORR Activity Measurements Utilizing PEMFC Platform 
In-situ ORR activity measurement via the testing of membrane electrode assemblies 
(MEA) in subscale fuel cells is possible and is usually carried out as the last step before 
qualifying a new material to be evaluated in full size fuel cell stacks. Typically the measurement 
of activity in subscale fuel cells involves the flow of high rates of 100% humidified hydrogen at 
the anode and 100% humidified oxygen at the cathode. The high stoichiometry of reactants 
ensures that there is no concentration gradient from the inlet to the outlet of the cell in the flow 
fields. The 100% humidity ensures that the membrane as well as the ionomer in the catalyst layer 
is well hydrated providing us with a constant resistance that can be subtracted while determining 
iR-free kinetics. It should be noted that hydrogen crosses over from the anode to the cathode 
through the membrane leading to a leakage or crossover current (few mA/cm2) that has to be 
corrected in the final analysis. The open circuit voltage (OCV) of typical PEMFCs employing 
thin membranes is about 0.95V. The activity is typically reported at 0.90V where the mass 
transport is assumed to be negligible (i.e. measured current represents the activity), the correction 
for iR although applied is small, and correction for hydrogen crossover is measureable.37 A 
standard protocol of some sort is warranted since the history of the catalyst (time at a given 
potential or potentials before the measurement point) affects the oxide coverage on Pt and hence 
affects the measured activity.40–43 Data is usually acquired for ~15 minutes per point to obtain a 
pseudo-steady state measurement.37 Additional information such as performance under H2-air, 
mass transport limitations, catalyst layer resistance, membrane resistance, and more realistic 
simulated durability measurements can be obtained. However, the amount of catalyst required to 
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formulate inks and coat the Nafion membrane (5–50 cm2) is significant and not feasible when 
tens of milligrams of novel lab synthesized catalyst is available. Furthermore, it is time 
consuming both in terms of preparation of the catalyst coated membrane (~days), cell assembly, 
conditioning and testing (~1 week). The PEMFC test stands are also expensive and complex to 
maintain and calibrate (especially humidifiers). 
1.7 ORR Activity Measurements Utilizing Rotating (Ring) Disk Electrode Methods 
Half-cell techniques have clear advantages with regard to the quantity of catalyst 
(several mg) and time (a few samples/day) needed for the activity evaluation. Among several 
half-cell techniques reported in literature, rotating disk electrode (RDE) and rotating ring-disk 
electrodes (RRDE) methods are the most commonly used technique for investigation of fuel cell 
electrocatalyst activity at this time. These methods have been utilized to study the ORR kinetics 
on bulk smooth polycrystalline, single crystal catalysts and nanoparticle catalysts (thin-film 
R(R)DE).14–16,19,31,32,37,42,44–63 The RDE set-up is relatively simple and easy to clean, and the 
apparatus is commercially available from several sources. Figure 1.8 displays (a) RDE and (b) 
RRDE. In RDE, a disk material such as Pt or GC is imbedded in an insulator such as PTFE, and 
the shaft is connected to a motor to spin the electrode. Electrical contact between the electrode 
and a potentiostat is achieved with a metal brush. RRDE has an extra electrode outside of the 
disk electrode and the ring electrode separately connects the potentiostat.64 These electrodes are 
dipped into a diluted acid electrolyte, and rotated to establish laminar flow at the electrode 
surfaces. The O2 diffusion limiting current  (𝑖d) of the ORR on the RDE has been analytically 
solved by Levich (Eq. 1.6).64 Based on comparison between current calculated by simple linear 
diffusion model (Fick’s law, Eq. 1.7) at facile kinetics and the O2 diffusion limiting current, 








        (1.7)  
𝑖 = 𝑛𝑛𝑛𝐽lim        (1.8) 
𝛿 = 1.61𝐷bulk
1 3⁄ 𝜈1 6⁄ 𝜔−1 2⁄        (1.9) 
 
where, 𝑛 is the number of electrons transferred through the ORR, 𝑛 is Faraday’s constant, 𝑛 is 
the geometrical surface area of the working electrode, 𝐶bulk and 𝐷bulk are the concentration and 
the diffusion coefficient of O2 in the electrolyte solution, respectively, 𝜈 is kinematic viscosity of 
the solution, 𝜔 is the rotation speed of the electrode, 𝐽lim is the maximum O2 flux at a given 
condition, and 𝛿 is the boundary layer thickness in the electrolyte solution. 𝜔 can be changed 
easily, so the kinetic current (𝑖k) is obtained from the intercept (infinite 𝜔) in a 𝑖−1 vs. 𝜔−1 2⁄  plot 
(Koutecky-Levich plot).64 Also, 𝑖k can be calculated from the ORR current measured at a single 
rotation rate and the well-defined O2 diffusion limiting current by the K-L equation.65–68 
However, due to low permeability of oxygen and thick boundary layer (~15 µm at 1600 rpm) in 
a diluted acid electrolyte, kinetic information for the ORR can be obtained only in a narrow 
potential range (typically >0.7–0.8 V vs. RHE in 0.1 M HClO4). Also, the RDE is not suitable 
for high temperature studies (typically less than < 60°C). The ring electrode is advantageous in 
that it provides additional information on the reaction mechanism. By applying a high potential 
such as 1.2 V vs. RHE, H2O2 (2e− reduction reaction product in the ORR) released from the 
working electrode can be quantified.44,49,66,69,70 
Thin-film rotational disk electrode (TF-RDE) and thin-film rotational ring-disk electrode 
(TF-RRDE) methods have been commonly utilized study the ORR activity for high surface area 




Figure 1.8  RDE and RRDE electrodes.64 
 
(usually GC or Au) from a catalyst ink. The catalyst ink is typically composed of the catalyst, 
water, alcohol and Nafion ionomer, and prepared by sonication. Since the work of Gloaguen et 
al.71 who introduced the TF-RDE method, the methods have been refined by many researchers to 
reproducibly and accurately measure 𝑖k for high surface area catalysts. Major findings in 
literature reports can be summarized as follows: i) Nafion layer when applied as a ‘cap’ form on 
top of a high surface area catalyst layer needs to be <0.1–0.2 µm to avoid underestimation of the 
ORR activity due to O2 diffusion limitation through the Nafion film,66,72 ii) ink 
formulation/composition and sonication must be optimized to obtain the highest ECA and hence 
mass activity,73,74 iii) catalyst layer has to be thin to avoid underestimation of the ORR activity 
due to O2 diffusion limitation through the catalyst layer,68,75 iv) contribution of background 
currents (such as capacitive current) and ohmic loss due to solution resistance need to be 
corrected to avoid underestimation of the ORR activity.76–80 
1.8 Focus of the Thesis Study 
Although the advancements on TF-RDE method have rendered it more valuable for 
studying the ORR activity of novel electrocatalysts, a spread in the ORR activity reported for 
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commercial Pt/C catalysts using the TF-RDE still exists. One of the causes of the spread could 
be the absence of established procedures and protocols/conditions for the ORR activity 
evaluation. These procedures and protocols/conditions include but are not limited to: i) 
preparation of the electrochemical system (cleaning of cell glasswares, acid grade, acid dilution, 
etc.), ii) temperature, iii) conditioning/break-in protocol, iv) direction of potential sweep, v) 
sweep rate, vi) potential range of sweep, vii) inclusion/omission of corrections (solution 
resistance, background current), and viii) ECA estimation method. Also, the reported activity 
values for commercial Pt/C catalysts are lack of statistical significance; most literature reports 
only ~4 samples.37,81–83 Therefore, baseline activity values for Pt/C must be obtained using an 
established protocol, best practices for catalyst layer fabrication and a statistically significant 
number of samples for reliably benchmarking novel catalyst candidates. 
Another cause that can alter the measured ORR activity is Nafion ionomer. In most 
studies, 50,55,65,66,68,71,73,77,84–91 Nafion is included either by incorporating in catalyst ink or by 
capping on top of a Pt/C catalyst layer whereas Nafion is completely excluded in some of the 
recent works.57,78,83,92,93 Although Nafion is not necessary in terms of proton conduction in the 
RDE system, Nafion generally helps to improve catalyst ink dispersion. Thus, removal of Nafion 
from catalyst ink may result in different quality of catalyst layers. In addition, Nafion may affect 
the ORR kinetics on Pt/C catalysts based on recent studies that report deleterious effect of 
Nafion on the ORR kinetics for single crystal, polycrystalline and extended Pt 
surfaces.37,66,68,90,94,95 Therefore, the impact of Nafion needs to be comprehensively studied with 
regard to O2 transport and kinetics. Findings from such studies will help to obtain more reliable 
baseline activity and also have implications for PEMFCs where incorporation of ionomer in the 
catalyst layer is necessary for proton conduction. 
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1.9 Thesis Organization 
Chapter two investigates impact of impurities, measurement protocols and applied 
corrections on ORR activity measurements for Pt electrocatalysts using RDE method. This 
chapter reveals the importance of the use of appropriate cell glassware cleaning procedures, 
perchloric acid electrolyte source and standardized ORR activity measurement protocols 
determined based on systematic studies. The down-selected cell cleaning procedure, perchloric 
acid source and the activity measurement protocols were applied throughout the entire studies 
reported in the thesis. Results found in this chapter are discussed in the journal article, “Oxygen 
Reduction Reaction Measurements on Platinum Electrocatalysts utilizing Rotating Disk 
Electrode Technique: I. Impact of impurities, measurement protocols and applied corrections,” 
(published in the Journal of the Electrochemical Society), Kazuma Shinozaki, Jason W. Zack, 
Ryan M. Richards, Bryan S. Pivovar, Shyam S. Kocha. 
 Chapter three studies the influence of ink formulation, catalyst layer uniformity and 
thickness for ORR activity measurements using the TF-RDE method to determine the impact of 
Nafion on the ORR activity for Pt/C catalysts. The contribution of O2 diffusion, electronic and 
protonic resistance within the catalyst layer were delineated through breakdown of measured 
activity losses determined by electrochemical impedance and SEM studies.  Results found in this 
chapter are discussed in the journal article, “Oxygen Reduction Reaction Measurements on 
Platinum Electrocatalysts utilizing Rotating Disk Electrode Technique: II. Influence of ink 
formulation, catalyst layer uniformity and thickness,” (submitted to the Journal of the 
Electrochemical Society), Kazuma Shinozaki, Jason W. Zack, Svitlana Pylypenko, Bryan S. 




 In chapter four, established protocols and best practices for catalyst layer fabrication 
 that are less susceptible to user skill were applied to benchmark the ORR activity of various Pt 
based electrocatalysts measured. Results found in this chapter are discussed in the journal article, 
“Benchmarking the Oxygen Reduction Reaction Activity of Pt-based Catalysts Using 
Standardized Rotating Disk Electrode Methods,” (accepted by International Journal of hydrogen 
Energy), Kazuma Shinozaki, Jason W. Zack, Svitlana Pylypenko, Ryan M. Richards, Bryan S. 
Pivovar, Shyam S. Kocha. 
 This thesis concludes with chapter five, where the performed work is summarized and 
future research proposals are discussed. 
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2.1 Abstract 
The rotating disk electrode (RDE) technique is being extensively used as a screening 
tool to estimate the activity of novel PEMFC electrocatalysts synthesized in lab-scale (mg) 
quantities.  Discrepancies in measured activity attributable to glassware and electrolyte impurity 
levels, as well as conditioning, protocols and corrections are prevalent in the literature. The 
electrochemical response to a broad spectrum of commercially sourced perchloric acid and the 
effect of acid molarity on impurity levels and solution resistance were also assessed. Our 
findings reveal that an area specific activity (SA) exceeding 2.0 mA/cm2 (20 mV/s, 25°C, 100 
kPa, 0.1 M HClO4) for polished poly-Pt is an indicator of impurity levels that do not impede the 
accurate measurement of the ORR activity of Pt based catalysts. After exploring various 
conditioning protocols to approach maximum utilization of the electrochemical area (ECA) and  
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peak ORR activity without introducing catalyst degradation, an investigation of measurement 
protocols for ECA and ORR activity was conducted. Down-selected protocols were based on the 
criteria of reproducibility, duration of experiments, impurity effects and magnitude of pseudo-
capacitive background correction. Statistical reproducibility of ORR activity for poly-Pt and Pt 
supported on high surface area carbon was demonstrated. 
2.2 Introduction 
Although the commercialization of automotive proton exchange membrane fuel cells 
(PEMFCs) is imminent, an additional reduction in cathode platinum electrocatalyst loading is 
being pursued to meet residual cost targets. Currently ~30 g of Pt dispersed on carbon black is 
required to produce a net power output of ~100 kW in automotive fuel cell stacks (~$50/gPt; 
$1500 per 100 kW stack).1–3 In order to eliminate any concerns related to the availability of Pt 
resources, the consensus target for total Pt loading is ~0.1 gPt/kW and is roughly based on the 
current utilization estimates of platinum in catalytic convertors of gasoline powered vehicles. To 
achieve the target Pt loading, researchers around the world are engaged in synthesizing novel 
ORR electrocatalysts that promise an activity improvement of a factor of ~4. These laboratory-
scale electrocatalysts are synthesized in extremely small quantities of tens of µg and demand 
rapid screening for ORR activity prior to scale-up and subsequent in-situ evaluation in subscale 
fuel cells (5–50 cm2). As a result, half-cell electrochemical techniques are attracting considerable 
attention as a high throughput research platform and are demonstrating increased sophistication 
due to advancements in test methodologies. 
A number of half-cell electrochemical techniques have been developed over the years 
and may be divided into two classes: those designed to facilitate large limiting currents and 
others that perturb and control finite limiting currents. In the case of practical fuel cells, 
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(differential cells tested under high stoichiometry of oxygen) the limiting currents are assumed to 
be high enough that the measured currents at high potentials around ~0.9 V (corrected for 
resistive losses) may be treated as kinetic currents and correction for oxygen mass transport is 
considered unnecessary.4 The floating electrode5 and gas-phase/wall-jet electrode6 half-cell 
methods have limiting current that are large compared to raw currents and may be approximated 
as kinetic currents that fall under the first classification. In these types of electrodes, O2 diffusion 
to the catalyst surface may be modeled as depicted in Fig. 2.1a, where O2 diffuses through thin 
(nm scale) ionomer or solution film to obtain large O2 flux/limiting current. Conversely, 
hydrodynamic methods such as channel flow dual electrode (CFDE),7,8 rotating disk electrode 
and rotating ring disk electrodes (RDE or RRDE)9 methods operate on the principle of 
controllable limiting currents and fall under the second classification. In these cases, O2 diffusion 
to catalyst surface may be modeled as illustrated in Fig. 1b, where O2 diffuses through a thick 
(>10 µm) boundary layer in electrolyte solution (with an optional Nafion film) to obtain finite 
but well-controlled O2 flux/limiting currents. In hydrodynamic methods, kinetic currents may be 
extracted from the measured raw currents at high potentials by the application of the Koutecký-
Levich (K-L) equation.9 










        (2.1) 
 
where i is the raw current, ik is the kinetic current, 𝑖d is the O2 diffusion-limited current (Fig. 
2.1a) in the gas phase or (Fig. 2.1b) through the bulk electrolyte, and 𝑖f is the O2 diffusion-




Figure 2.1 Schematic of a catalyst-electrolyte interface depicting the well-known linear O2 
diffusion model that can be represented by the K-L equation. The dotted line (red) represents O2 
concentration gradients in both bulk electrolyte and film. (a) illustrates O2 diffusion in gas pores 
and thin electrolyte film e.g. floating electrode, gas phase wall-jet technique, and PEMFC. 
(b) illustrates O2 diffusion in electrolyte solution for controlled diffusion lengths e.g. poly-Pt 
RDE with a Nafion film. δd is the boundary layer thickness in bulk electrolyte, and δf is a thin 
electrolyte film thickness. Cbulk, Ce, Cf and Cs are the O2 concentrations in the bulk, in the 
electrolyte solution at the solution | film interface, in the electrolyte film at the solution | film 
interface, and at the catalyst surface, respectively. γ is partition coefficient between bulk and film 
phases, ilim is the O2 diffusion limiting current. 
 
Although floating electrode and CFDE half-cell techniques have strengths that make 
them worthy of being pursued and refined, the RDE technique appears to be overwhelmingly 
advantageous in its present state-of-development. In fact, despite the issues of inconsistencies in 
measured ORR activity between labs (discussed in this paper), the RDE technique is the most 
popular and preferred method for a majority of fuel cell electrochemists. In part, this is due to the 
commercial availability of rotators and associated components such as standardized disks of 
glassy carbon (GC), gold, platinum, copper, etc., at a reasonable cost.  Materials such as single 
crystal Pt and Pt alloys can be custom made to provide model surfaces that are tremendously 
useful for conducting fundamental studies. Additionally, once a standard protocol and a strong 
baseline has been established, sample throughput is fairly high; a novel high surface area Pt-
based catalyst can be screened for electrochemical activity by preparing 1–2 inks/4–8 electrodes 
in 1–2 days by a single operator. 
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Papers published prior to the 1980s routinely discuss studies on Pt wires, gauzes, foils 
or platinized Pt in various acid solutions to probe the kinetics, reaction order and mechanism.11–22 
More recently, bulk polycrystalline-Pt (poly-Pt) disks with well-defined geometric areas have 
been widely employed in conjunction with RDE apparatus. Their remarkably high intrinsic 
activity combined with an electrochemical area (RF ~1.5) comparable to their geometric surface 
area qualifies them as a valuable sensor of trace impurity levels (in the cell glassware and 
electrolyte) that adsorb on and poison active ORR sites. The SA of bulk poly-Pt is thus expected 
to provide a critical ORR activity benchmark; however, literature values are rarely in agreement. 
The reasons for the scatter in SA values include, but are not limited to: i) impurity levels of the 
electrochemical system, ii) conditioning/break-in protocol, iii) direction of potential sweep, iv) 
sweep rate, v) potential range of sweep, vi) inclusion/omission of corrections (solution 
resistance, background current), and ECA estimation method. Furthermore, the potential, 
temperature, pressure, electrolyte type, acid grade, and concentration at which the SA is reported 
vary between groups making comparison non-trivial. We have collected/extracted and presented 
ORR SA values for poly-Pt reported in the literature4,7,23–38 along with key measurement 
parameters in Fig. 2.2. As is evident, researchers conduct RDE experiments using a fairly wide 
range of protocol parameters, operating conditions and corrections that can significantly 
influence the reported SA. This state of affairs hinders direct comparisons and verification of the 
magnitude of SA between laboratories; we think an attempt to mitigate these difficulties through 
systematic studies is worthwhile. 
Poly-Pt can not only be used as a tool to determine the impurity level of the 
electrochemical system but can be considered to be a model electrode having a robust and 




Figure 2.2 SA of bulk poly-Pt electrodes measured in 0.1 M HClO4 at 0.9 V extracted from 
literature. The scan rate, scan direction, measurement temperature, and corrections applied 
(horizontal line filling: b.g. corrected, vertical line filling: iRsoln corrected, cross line filling: b.g. 
and iRsoln corrected) are appropriately labeled. Ref. [1] Wakabayashi et al.7 (CFDE, SA at 0.76 V 
in Fig. 6 is extrapolated to 0.9 V using the obtained Tafel slope, 74 mV/decade), [2] Gasteiger et 
al.,4 [3] Ye et al.23 (SA at 0.9 V is calculated from raw current at 0.9 V and limiting current 
Fig.2.), [4] Ohma et al.,24 [5] Toda et al.25 (hardly visible on the figure due to close to zero value, 
SA at 0.76 V in Fig. 6 is extrapolated to 0.9 V assuming 74 mV/decade), [6] Ke et al.26 (SA at 
0.9 V is extracted from Fig. 10), [7] Sheng et al.27 (SA at 0.9 V is extracted from Fig. 6 (b)), [8] 
Toyoda et al.,28 [9] Stamenkovic et al.29 (SA at 0.9 V is extracted from Fig. 4.), [10] Mayrhofer 
et al.30 (SA at 0.9 V is extracted from Fig. 5), [11] Yang et al.,31  [12] van der Vliet et al.32 (SA at 
0.9 V is extracted from Fig. 4), [13] Stephens et al.33 (SA at 0.9 V is extracted from Fig. 6), [14] 
Stamenkovic et al.34 (SA at 0.9 V is extracted from Fig. 1), [15] Nesselberger et al.,35 [16] Perez-
Alonso et al.36 (SA at 0.9 V is extracted from Fig. 3), [17] Katsounaros et al.,37 [18] Nesselberger 
et al.38 (SA at 0.9 V is extracted from Fig. S1 and S2). 
 
electrolyte. A large number of experiments can be conducted on a single re-usable poly-Pt to 
evaluate protocols and subsequently applied and re-evaluated on more complex Pt/C systems. In 
Chapter 2, our primary motivation is to quantify the impact of trace impurities in the 
electrochemical cell glassware and perchloric acid electrolyte by using the magnitude of the 
measured SA of polycrystalline Pt disks as a metric. Secondly, we provide details on the impact 
of various correction factors that are applied to the raw data to obtain the final derived 
parameters that allows the facile comparison of ORR activity results between laboratories. 
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electrochemical measurement of the ECA and ORR currents on both poly-Pt and Pt/HSC, we 
justify our selection based on the criteria of reproducibility of data and duration of experiments. 
2.3 Experimental 
2.3.1 Catalysts, Chemicals, and Reactant Gases 
46.4 wt% Pt on high surface area carbon electrocatalysts (TEC10E50E, TKK; 132.6 
m2/g CO chemisorption, 2.6 nm XRD) henceforth referred to as Pt/HSC as well as bulk poly-Pt 
(ϕ = 5 mm, 0.196 cm2, embedded in a PTFE cylinder, Pine Instruments) were employed in RDE 
measurements. Deionized (DI) water (>18.2 MΩ·cm, TOC <5 ppb) from a Milli Q system 
(Millipore) was used for acid dilutions and glassware cleaning. The following chemicals were 
used in electrolyte preparation and ink formulation: Isopropanol (IPA, CHROMASOLV® Plus, 
for HPLC, 99.9%, Sigma-Aldrich), Nafion solution (DE520, EW1000, 5 wt%, 0.924 g/mL, 
Sigma-Aldrich), 0.05 μm alumina dispersion (Buehler Inc.), concentrated (conc.) sulfuric acid 
(Certified ACS Plus, Fisher Scientific), Nochromix® (Godax Laboratories, Inc.), and 70% 
perchloric acids sourced from: Veritas® Doubly Distilled (GFS chemicals), Omni Trace Ultra 
(EMD Millipore), J.T. Baker® ULTREX II Ultrapure (AVANTOR), TraceSELECT® (Sigma-
Aldrich), Suprapur® (Merck), Superior Reagent (ACS) (GFS chemicals), trace metal basis 
(Sigma-Aldrich), and ACS Reagent (Sigma-Aldrich). Measured amounts of 70% HClO4 were 
poured directly from the original acid container into clean PFA or FEP bottles and diluted with 
DI water to prepare HClO4 electrolyte. No pipette or glassware was introduced in acid 
preparation steps to minimize contamination. All electrochemical measurements were carried out 
in 0.1 M HClO4 prepared from Superior Reagent (ACS) for Pt/HSC and Veritas® Doubly 
Distilled for poly-Pt unless otherwise stated. Gases used in this study were all classified as 




A microbalance (UMX2, Mettler Toredo) and an ultrasonicator (FS30H, Fisher 
Scientific, output: 42 kHz, 100 W) were used for catalyst ink preparation. Autolab 
PGSTAT302N potentiostat operated with NOVA software from Metrohm was used to obtain 
cyclic voltammograms (CVs), ORR I-V polarization curves, in-situ iR correction and 
electrochemical impedance spectroscopy (EIS). RDE Rotators, PTFE rotator shafts glassy carbon 
(GC) and poly-Pt electrode tips were obtained from Pine Instruments. An optical microscope 
(AM4815ZT Dino-Lite Edge, Dino-Lite Digital Microscope) was routinely used to facilitate 
inspection of catalyst layers on GC. A JEOL JSM-7000F Field Emission Microscope was 
employed to obtain SEM images.  
2.3.3 Electrode Polishing and Cleaning 
The GC and poly-Pt RDE tips were polished using 0.05 μm alumina slurry, rinsed with 
DI water, sonicated in DI water for ~30 seconds followed by a final DI water rinse.  The GC tips 
were dried using a nitrogen gun whereas poly-Pt RDE tips were sonicated in 0.1 M HClO4 
electrolyte for ~30 seconds followed by rinsing in DI water prior to insertion in the 
electrochemical cell.  During the brief transition period when the poly-Pt tips were being 
transferred to the cell, an extra precaution was taken by covering the Pt surface with a droplet of 
DI water or 0.1 M HClO4 to curtail contamination from ambient atmosphere. 
2.3.4 Electrochemical Cell Apparatus 
An in-house electrochemical cell (Fig. 2.3) having a volume of 130 mL was employed 
in all RDE measurements. A platinized Pt gauze having a surface area >100 cm2 was employed 
as counter electrode (CE); a reversible hydrogen reference electrode (RHE) was ionically 
connected to the electrolyte in the main cell compartment via a Luggin capillary tip positioned 
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close to the working electrode (WE). By employing a well-designed RHE rather than saturated 
calomel electrode (SCE) or Hg/Hg2SO4 electrode, we avoid trace contamination caused by 
leakage of anions (e.g. Cl–, SO42–) into the electrolyte as well as liquid junction potentials 
involved in the use of a salt bridge. Bulk poly-Pt disk electrode or a Pt/HSC catalyst layer 
deposited on a GC tip functioned as the working electrode. The cell glassware and components 
were soaked in conc. acid/oxidizing agent in large containers placed in a hood. Subsequently, the 
glassware and components were rinsed thoroughly and boiled in DI water. Between 
electrochemical experiments, the glassware and components were stored submerged under DI 
water. Precise details of cell cleaning are discussed in the body of the manuscript. The 
electrochemical cell was rinsed with a diluted HClO4 solution three times before being filled 
with the solution that was used in experiments. 
 
 
Figure 2.3 Photograph depicting in-house electrochemical cell system. 
 
2.3.5 Electrochemical Measurements 
Since various measurement protocols are evaluated and reported in this paper, specific 
details of the down-selected protocols are delineated in the Results section.  An overview of 
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general measurement details common to the protocols are provided here. The electrochemical 
cell was typically purged with the ultrapure N2 for ~10 min followed by blanketing of the cell 
with N2 during CV and conditioning measurements. The electrodes were first conditioned by 
cycling under N2 for a pre-determined number of cycles prior to measurements of solution iR 
correction, CVs and ORR I-Vs. CVs were performed at a fixed scan rate and scan direction 
between two defined potentials for three cycles. The hydrogen under-potential deposition (HUPD) 
charge at the third cycle was integrated to obtain the electrochemical surface area (ECA) of the 
Pt, assuming a specific charge of 210 μC/cm2Pt.39–42 CO stripping voltammetry was also 
conducted to complement and verify the ECA obtained from HUPD measurements. The WE was 
held at a low potential during CO purge through the electrolyte followed by a N2 purge and flow. 
The ECA was estimated from CO stripping charge assuming a specific charge of 420 
μC/cm2Pt.43,44 Electrolyte solution resistance (Rsoln) between the RE and WE (~21−23 ohm in 0.1 
M HClO4) was measured via a built-in current interrupter or alternatively from the high 
frequency resistance (HFR) obtained from electrochemical impedance spectroscopy (EIS). 
Linear sweep voltammetry (LSV) was imposed after purging the cell with oxygen for 10 min to 
obtain the ORR activity with the iRsoln drop corrected by the potentiostat during the LSV 
measurement. The background current was measured under N2 atmosphere at the identical 
rotation speed and scan rate as conducted under O2. The effect of temperature has been studied in 
the literature, and can be represented by the Arrhenius equation;15,29,30,45–47 the reported 
activation energy falls in the range 20–60 kJ/mol.15,29,30,45,46 In this work, all measurements have 
been conducted at ambient temperature (23 ± 2°C) to minimize impurities introduced due to 
decomposition of perchloric acid at temperature, to shorten experimental times as well as 
simplify safety aspects that become a concern for longer duration unattended durability studies. 
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2.3.6 Catalyst Layer Fabrication 
Catalyst inks were prepared by mixing 7.6 mg Pt/HSC catalyst powder with 7.6 mL DI 
water, 2.4 mL IPA, and 40 μL of 5 wt% Nafion solution.48,49 The catalyst inks were sonicated in 
an ice bath placed in the ultrasonicator for 20 minutes unless otherwise stated. A 10 μL aliquot of 
the catalyst ink was pipetted onto the cleaned and polished GC tip mounted on an inverted 
rotator shaft at 0 or 100 rpm (the choice of two initial rotation rates did not affect the appearance 
of the final catalyst film or magnitude of measured activity). The ink was subsequently dried 
under ambient conditions by increasing and maintaining the rotator speed at 700 rpm for a period 
of 15 min.50 We refer to this method of drying method of the deposited ink to form a film as 
‘rotational air drying’ or RAD. For consistency of film quality and measured activity, results 
reported in Chapter 2 correspond to electrodes exclusively prepared using the RAD method. 
2.4 Results and Discussion 
2.4.1 Glassware and Electrolyte Impurities 
The use of bulk poly-Pt has been prevalent in the literature either as a wire or disk for 
the last 50 years and has often been used to investigate ORR kinetics. Poly-Pt has been reported 
to possess a much higher intrinsic or specific activity compared to nanoparticle Pt/C; however its 
low geometric surface area (RF ~1.1–1.3 based on 210 μC/cm2Pt) renders it highly sensitive to 
trace impurities that may adsorb on its surface during electrochemical studies. Moreover, being a 
bulk material having appreciable thickness (few mm), it is extremely durable and can be used 
repeatedly with cleaning and polishing. Although poly-Pt disk surfaces can be polished easily to 
a mirror finish, SEM images (Fig. 2.4) reveal an exceedingly rough surface featuring deep 
grooves, scratches, and even dents for both as-purchased/unused as well as polished/used 
electrodes. Based on SEM images, one can speculate that the HUPD charge, and therefore, 
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roughness factor (RF) is greatly influenced by the physical roughness in addition to grain 
size/crystal orientation that are observable only after sufficient amount of material has been 
removed to obtain an exceedingly smooth surface by focused ion beam (FIB, Ga ion) etching.  
The magnitude of the integrated charge under the HUPD peaks (195–210 μC/cm2Pt)30,39–42,45 for 
poly-Pt is still under debate. For simplicity, we have selected the conventional value of 210 




Figure 2.4 SEM images of poly-Pt electrode at magnifications of (a) x15, (b) x5k, (c) x240k 
showing surface roughness and deep grooves.  (d) Cross-sectional image of poly-Pt prepared by 
focused ion beam etching revealing grain boundaries. 
 
 
It is well-known that the specific activity of Pt based electrocatalysts in sulfuric and 
phosphoric acid electrolytes are significantly lower than that in perchloric acid due to (bi)sulfate 
and phosphate anion adsorption.10,29,35,47,51–54 Perchloric acid is considered to be a non-adsorbing 
or weakly adsorbing electrolyte55–57 and has been used to simulate the role of Nafion ionomer in 
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PEMFCs. Active ORR sites on Pt are extremely susceptible to poisoning by ppm quantities of 
impurity anions such as sulfate, chloride and nitrate.54,57–65 Trace chloride and sulfate impurities 
(ppm–ppb level) when introduced into 0.1 M HClO4 have been shown to change CV profiles and 
negatively affect the ORR activity on platinum surfaces.54,57,65,66 Even 4 ppm of chloride ions are 
known to result in an order of magnitude loss in the ORR activity.54 Variable and uncontrolled 
impurity levels would cause a significant scatter in ORR activity measurements; therefore, it is 
indispensable to use clean electrochemical cell glassware, rotator shafts, electrode tips and 
electrolytes implemented with a robust carefully controlled cleaning procedure. 
Our standard cleaning procedure involves an overnight soak of the cell glassware and 
components in conc. sulfuric acid followed by an overnight soak in Nochromix solution. The 
frequency of these soaks has to be tailored to the type and amount of contaminants introduced 
into the cell from the working electrode materials during experiments. A review of the literature 
shows a wide range of cleaning procedures formulated by researchers including: soaks in Aqua 
Regia,67 hot conc. nitric26 or sulfuric acid,19 acidified potassium permanganate,5,68 mixtures of 
conc. sulfuric acid/30% hydrogen peroxide,36 conc. sulfuric acid/Nochromix69 or conc. nitric 
acid/conc. sulfuric acid.47,70–72 Following the acid soaks, the electrochemical cell is immersed in 
DI water and brought to a boil; this process is repeated from 3–6 times with the DI water being 
replaced after each boil. Immediately prior to commencement of RDE experiments, the 
electrochemical cell is rinsed 2–3 times in 0.1 M HClO4.  The PTFE rotator shaft is rinsed with 
DI water before and after experiments. The electrochemical cell is submerged under DI water in 
a covered beaker between experiments to avoid the introduction contaminants from air. An 
alternative to boiling the cell in DI water is to place the inverted glassware in the path of DI 
water vapor that flow over it, condenses and drips down.68,72 Sheeting of water on the glassware 
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surface rather than beading is a qualitative reflection of the general absence of organic 
impurities. 
Figure 2.5a depicts the change in SA of poly-Pt extracted from the ORR I-V curves in 
Fig. 2.5c to the progressive elimination of impurities in the cell glassware. Vigorous rinsing prior 
to boiling in DI water resulted in poly-Pt attaining a SA >2.5 mA/cm2Pt, in this instance, in fewer 
than 3 rinses. The CV response exhibits a slight positive shift in the onset of oxides as well as 
more pronounced peaks in the HUPD regime near 0.3 V that are related to anion adsorption. 
Additional rinses are recommended if cell glassware contain parts that are less easy to rinse such 
as glass frit and Vycor®. We note that our DI water typically exhibited a TOC of <5 ppb; for 0.1 
M HClO4 prepared using DI water the TOC value is ~20 ppb and did not affect the SA of poly-
Pt. It should also be noted that once the cell glassware is properly cleaned and rinsed with DI 
water, the entire process is not always necessary to maintain cleanliness of the cell glassware; 
boiling in DI water 2–3 times after an experiment enables the cell glassware to recover from 
trace amounts of impurities introduced in experiments. However, more frequent cleaning with 
strong acids/oxidizing agents is necessary if significant contamination of the cell is expected 
from leached non-noble metals, alternate supports, etc.  Figure 2.6 illustrates the measured SA of 
a poly-Pt electrode over 30 independent trials; the magnitude of the SA is 2.8 ± 0.2 (6%) 
mA/cm2Pt at 0.9 V vs. RHE in 0.1 M HClO4 at 25°C and 100 kPa O2. The ORR I-V sweeps were 
repeated for 35 consecutive cycles without refreshing/replacing the electrolyte and demonstrated 
excellent stability (Fig. 2.6 inset) over the 1 h duration of the experiment. Since the SA of state-
of-the-art fuel cell catalysts in RDE studies have been demonstrated to exceed 2.0 mA/cm2Pt,49,73 
poly-Pt SA >2.0 mA/cm2Pt that remains invariant over an hour is a reasonable and necessary 





Figure 2.5 The impact of removal of impurities at several intermediate stages of cleaning:  (a) 
SA at 0.9 V obtained from (c), (b) CVs under N2, (c) ORR I-V curves after b.g. correction. All 
ORR I-V measurements for poly-Pt conducted in 0.1 M HClO4 under the conditions: 20 mV/s, 
1600 rpm, –0.01 to 1.0 V, anodic sweep, iRsoln corrected. 
 
The choice of perchloric acid grade (a measure of impurity levels and type of impurity) 
can be as critical as the cleanliness of the electrochemical cell. Commercially available 70% 
HClO4 is known to consist of trace impurities (0.1–10 ppm) of chloride, sulfate, phosphate and 
nitrate ions; standardized ACS methods to determine trace amount of anion species are typically 
employed by manufacturers. The deleterious effect of the adsorption of various anions on active 
ORR sites of Pt is well established in the literature.51,54,58–65 Since the measured SA of poly-Pt 






Figure 2.6 Gaussian distributions (30 independent experiments) for the SA of poly-Pt at 0.9 V.  
The inset depicts stability of SA for consecutive I-V curve measurements. All ORR I-V 
measurements conducted in 0.1 M HClO4 under the conditions: 20 mV/s, 1600 rpm, –0.01 to 1.0 
V, anodic sweep. 
 
sources/suppliers as listed in experimental section; the criterion for down-selections was based 
on the magnitude of the measured poly-Pt SA. Table 2.1 is populated with impurity type and 
ppm levels for several of the sources of perchloric acid that are available. With the exception of 
Trace Metal Basis and ACS Reagent that clearly resulted in significantly lower SA (~1.0 
mA/cm2Pt) and Veritas Doubly Distilled that resulted in the highest SA, the other five grades 
resulted in SAs that were comparable as shown in Fig. 2.7. We observe a 10% loss in SA for 
poly-Pt and 2−4% loss for Pt/HSC if Superior Reagent (ACS) is employed instead of Veritas® 
Doubly Distilled. 
The choice of HClO4 concentration is a compromise between using a higher 
concentration containing higher impurity levels and a lower concentration that leads to 
significant solution resistance and errors associated with its correction. It should be noted that 
using the same electrolyte for long periods of time especially at temperature also leads to 
decomposition of the acid and generation of small quantities of chloride ions.47 Figure 2.8a 
shows the CVs and Fig. 2.8b depicts the corresponding ORR I-V curves to illustrate the impact 
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Cl− 0.1 3 ≤ 10 ≤ 10 ≤ 10 
SO42− 1 10 ≤ 0.2 ≤ 1 ≤ 10 
PO43− 0.1 5 ≤ 0.2 ≤ 1 ≤ 5 
total N 1 10 not available not available ≤ 10 
Concentration of each anion decreases to 1/24 (0.004−0.4 ppm for Cl−) when diluted to 0.5 M 
and to 1/70 (0.001−0.1 ppm for Cl−) when diluted to 0.1 M. Anion impurity data not available 
for Omni Trace Ultra, J.T. Baker® ULTREX II Ultrapure and Trace Metal Basis. a: Nitrogen 
based impurities such as nitrates. 
 
 
Figure 2.7 Effect of impurity levels (HClO4 grade) on the SA of poly-Pt at 0.9 V in 0.1 M HClO4 
measured under the conditions: 20 mV/s, 1600 rpm, –0.01 to 1.0 V, anodic sweep. 
 
of perchloric acid concentration on the SA of poly-Pt; the inset of Fig. 2.8b shows a plot of Rsoln 
vs. acid concentration. As we increase the perchloric acid concentration from 0.004 M to 0.50 M, 
the SA plummets due to the higher level of impurities. The CVs show a positive shift in the onset 
of oxide formation (at ~0.7–0.8 V) together with an increase of the peak height in the HUPD 
regime, both of which are indicators of anion adsorption on Pt.  In the Tafel plot (Fig. 2.8b), at 
low molarities (low ionic conductivities, esp. 0.004 M) significant errors are introduced when 




   
Figure 2.8 Effect of HClO4 concentration on (a) CVs under N2 and (b) ORR Tafel plots for poly-
Pt. All ORR I-V measurements conducted at 20 mV/s, –0.01 to 1.0 V, anodic sweep. Inset (b) 
shows log-log plot of Rsoln vs. HClO4 concentrations. 
  
2.4.2 Corrections 
In order to obtain ORR kinetic currents for a Pt catalyst, it is necessary to correct the 
raw ORR I-V data acquired from RDE measurements for solution resistance, Rsoln, capacitive or 
background (b.g.) currents, as well as compensate for O2 diffusion in bulk electrolyte applying 
the K-L equation. In the following sections, we address the quantification of these correction 
factors and their impact on the ORR activity reported in this work and the literature.   
2.4.2.1  Solution Resistance (Rsoln) 
A finite length/volume of electrolyte (10–20 mm) is present between the RE and WE in 
conjunction with a narrow ionic path through the RE Luggin capillary tip. Thus, even in the 
absence of a salt bridge and liquid junction, the electrolyte or solution resistance (Rsoln) between 
the RE and WE is non-negligible and has to be compensated.74 Potentiostats such as the Autolab 
allow for the measurement of Rsoln immediately prior to the experiment using the ‘current 
interrupt’ technique; the potentiostat is fed the value of Rsoln and applies an in-situ corrected 
potential that takes into account iRsoln loss during data acquisition. An oscillatory behavior 
observed during I-V data acquisition implies overcorrection of iRsoln; hence, typically ~95% of 
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the measured Rsoln is applied. It is also possible to verify Rsoln, from the real intercept or high 
frequency resistance (HFR) of Nyquist plots (Z’ vs. Z”).75,76 Rsoln is also dependent on the ionic 
conductivity of the electrolyte which is a function of the acid molarity; Rsoln extracted from 
Nyquist plots for four different molarities of perchloric acid are plotted in the inset of Fig. 2.8b.  
Rsoln in 0.5, 0.1, 0.02 and 0.004 M HClO4 were determined to be 502, 103, 23 and 6 ohms, 
respectively. It should be noted that in MEAs of PEMFCs, an iR correction is conventionally 
applied after obtaining the I-V polarization curve. Since some potentiostats used for RDE 
measurements do not have the capability of executing in-situ iR corrections, we also 
experimented with post-measurement corrections and found identical results. 
2.4.2.2  Background (b.g.) 
The signature CV profile observed for Pt consists of: i) a double layer charging current 
frequently but debatably assumed to be constant in the entire voltage range (~0–1.0 V), ii) 
hydrogen adsorption and desorption pseudo-capacitive currents in the range ~0–0.4 V, and, iii) 
platinum surface oxidation and reduction currents in the range ~0.7–1.0 V. For the case of 
nanoparticle Pt supported on carbon blacks (Pt/C), a significant additional pseudo-capacitive 
current contribution arises from the high surface area carbon support. The magnitude of b.g. 
current is amplified with an increase in total catalyst loading (µgcat/cm2) and surface area 
(m2/gPt), and a decrease in the wt% of Pt/C. Furthermore, the b.g. current is directly proportional 
to the imposed scan rate. The magnitude of b.g. current can be obtained by measuring I-V curves 
under O2 and N2 using identical experimental parameters (scan rate, direction, rotation rate) and 
subsequently subtracting the I-V curve under nitrogen from that under oxygen.35,52,77,78 This 
correction would allow us to obtain the ORR activity of Pt independent of the capacitive currents 
of Pt and carbon black, but also facilitates comparison of results for varying catalyst loadings, Pt 
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wt%, support type and area. After implementing b.g. correction, the resulting ORR kinetic 
current has a higher magnitude for anodic (positive) sweeps and lower value for cathodic 
(negative) sweeps. 
It should be noted that the apparent gain in measured ORR activity post-b.g. correction 
is not actually available to generate useful work in practical PEMFCs causing some researchers 
to debate its application. Sugawara et al.79 used a ‘shielding technique’ to determine the actual 
b.g. current under O2 flow and found negligible differences between b.g. currents under N2 and 
O2; similar conclusions have also been drawn from quartz-crystal microbalance80 and PEMFC81 
studies. Therefore in this paper, we present kinetic currents corrected for b.g. current and 
explicitly account for the contribution of the applied correction. Figure 2.9 illustrates the 
quantitative impact of the background current on SA (iRsoln applied prior to b.g. correction) as a 
function of scan rate and potential for poly-Pt and Pt/HSC. Figure 2.9 also shows the impact of 
the b.g. correction on SA at 0.9 V measured at 20 mV/s as a function of Pt loading for 46.4 wt% 
Pt/HSC. The magnitude of SA of Pt/HSC after b.g. correction is augmented by a factor of 1.05 at 
4.5 µg/cm2Pt and 4.8 at 144 µg/cm2Pt. Table 2.2 summarizes the effect of various corrections 
including b.g. correction for catalysts evaluated in this work as well as that reported in 
literature.4,26,74,82,83 The b.g. correction trends observed in the literature qualitatively agree with 
the behavior discussed above. 
In relation to the specifics of the methods used by the potentiostat to generate potential 
scan profiles, viz., staircase (1 mV step, current sampling at the end of each step) and linear 





Figure 2.9 Effect of b.g. correction at 0.9 V and 0.95 V for poly-Pt and Pt/HSC on the SA 
increase factor as a function of scan rate.  Effect of b.g. correction at 0.9 V for Pt/HSC on the SA 
increase factor also shown as a function of Pt loading (second y-axis). All ORR I-V 
measurements conducted in 0.1 M HClO4 under the conditions: 1600 rpm, –0.01 to 1.0 V, anodic 
sweep, iRsoln corrected. 
 
Table 2.2 Summary of the effect of corrections (background current and iRsoln) on SA at 0.9 V 
vs. RHE for Pt/C electrocatalysts evaluated in this work and comparison to the literature. 
 








(V vs. RHE) 
SA increase factor with corrections Ref. b.g. iRsoln b.g. & iRsoln 
46.4 wt% Pt/HSC (TKK) 18 99 ± 5 23 5 −0.01→1.0 1.08 1.35 (~23 Ω) 1.46 This work 
46.4 wt% Pt/HSC (TKK) 18 99 ± 5 23 10 −0.01→1.0 1.09 1.43 (~23 Ω) 1.55 This work 
46.4 wt% Pt/HSC (TKK) 18 99 ± 5 23 20 −0.01→1.0 1.18 1.38 (~23 Ω) 1.62 This work 
46.4 wt% Pt/HSC (TKK) 18 99 ± 5 23 50 −0.01→1.0 1.52 1.37 (~23 Ω) 2.09 This work 
45.9 wt% Pt/HSC (TKK) 12.7 80 60 5 0→1.0 1.04 ― ― 4 
45.9 wt% Pt/HSC (TKK) 12.7 80 60 20 0→1.0 1.15 ― ― 4 
46 wt% Pt/HSC (TKK) 9.9 96 r.t. 10 0.1→1.1 ― 1.57 (~35 Ω) ― 82 
46 wt% Pt/HSC (TKK) 11.7 79 30 10 0.06 (30s)→1 1.1 ― ― 26 
5 nm Pt/C (TKK) 18 ― 20 20 0.02→1.05 ― 1.46 (28.5 Ω) ― 74 
5 nm Pt/C (TKK) 18 ― 60 20 0.02→1.05 ― 1.33a (16.5 Ω) ― 74 
19.7 wt% Pt/V (E-TEK) 20 61−63 ± 2 30 20 0.05→1.03 1.16 1.46b (~20 Ω) 1.69 83 
40 wt% Pt/V (JM) 20 49 ± 1 30 20 0.05→1.03 1.13 1.35b (~20 Ω) 1.53 83 
46.6 wt% Pt/V (IP) 20 80 ± 1 30 20 0.05→1.03 1.18 1.34b (~20 Ω) 1.59 83 
LPt and T are Pt loading and temperature, respectively.  SA is obtained at 0.9 V vs. RHE in 
anodic sweep. All Pt/HSC (TKK) catalysts are TEC10E50E. SA increase factors for this work 
were calculated in relation to SA value at each scan rate. a: calculated from SAs in Table 374, b: 
calculated from SAs in Table III83. 
 
2.4.2.3  Koutecký-Levich Equation 
The kinetic current ik is estimated from well-known K-L equation as expressed in Eq. 
2.1. For an O2 concentration in the bulk electrolyte (Cbulk), the actual concentration of O2 at the 
electrode surface (Cs) is lower than Cbulk due to consumption of O2 as a function of current 
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density (Fig. 2.1). The K-L equation is conventionally used to account for this difference in 
concentration so that ik at Cbulk is obtainable. It is essential to note that the K-L correction is 
applied after the raw current is corrected for iRsoln and b.g. currents and is therefore dependent on 
these corrections. The relative error encountered in the application of the K-L equation to obtain 
ik is dependent on i/id and rises as we approach the O2 diffusion limiting current id.30,84 
Mayrhofer et al.30 have prescribed that the potential at which ORR activity is measured should 
satisfy the relation 0.1 < i/id < 0.8 to minimize inaccuracies. Vidal-Iglesias et al.84 carried out a 
detailed mathematical analysis that projected x3 magnification of error in ik at i/id = 0.5 for an 
arbitrary experimental error in the measured raw current. It is thus advisable to report the 
measured ORR activity at potentials corresponding to the range (0.1 < i/id < 0.5). 
2.4.2.4  Consolidation 
Figure 2.10 summarizes the absolute (a: poly-Pt, b: Pt/HSC) and normalized (c: poly-
Pt, d: Pt/HSC) kinetic currents with the individual contributions of iRsoln (orange), b.g. (green) 
and K-L (hatched) corrections as well as the specific raw currents (grey). At 0.9 V and 20 mV/s, 
poly-Pt (a) exhibits kinetic currents of ~3 mA/cm2 while Pt/HSC (b) shows ~0.5 mA/cm2. From 
Fig. 2.10a, b, it appears that both poly-Pt and Pt/HSC show similar trends for kinetic currents 
with scan rates and potential; in contrast, b.g. current corrections are significantly higher for 
Pt/HSC due to contributions from Pt nano-particles and carbon black support. The individual 
contributions of the current components in Fig. 2.10a and b can be amplified by normalizing 
them to the total absolute currents to reveal % contributions as depicted in Fig. 2.10c and d.  At 
0.95 V, we can now clearly observe that the contribution from b.g. is much higher than at 0.85 V 
and 0.9 V for both poly-Pt and Pt/HSC. At 0.85 V, the total K-L corrections (green + orange + 
grey hatched bars) can be a significant component (~85% at 50 mV/s, Pt/HSC) of the total 
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normalized currents. For Pt/HSC, at 20 mV/s, the % contribution of all corrections (all except 
grey bar) applied to obtain kinetic current follows the trend ~85% (0.85 V) > ~70% (0.9 V) > 
~50% (0.95 V). For all potentials, at increasing scan rates, the % contributions of iRsoln, b.g. and 
K-L corrections increase progressively. The K-L corrections (hatched bars) are considered to be 
free of error based on the assumption of negligible experimental errors in the measurement of 
raw currents. Albeit, as discussed previously, a magnification of any experimental error in 
measured raw currents would have a greater impact at higher i/id. The errors in measured raw 
currents (e.g. 0.95 V) are expected to be greater at higher potentials (lower currents) especially 
when measurements are conducted using a fixed current range. iRsoln corrections (orange) are 
accurate within 90–95% for (in-situ) corrections applied during the measurement. Based on this 
analysis of correction components (Table 2.2) and discussions in upcoming sections, we will 
provide rationalization for further down-selection of protocol parameters for ORR activity 
measurements. 
2.4.3 Measurement Protocols 
As we briefly mentioned in the introduction, in addition to the operating conditions, one 
of the causes for the scatter in SA values are the variations in measurement protocol used in the 
literature between research groups. In the following sections, we discuss the impact of protocol 
parameters such as potential scan rate, scan direction and potential range. At the end of each 
subsection, we down-select and define a preferred protocol based on the systematic experimental 
study of various parameters that affect the accuracy and reproducibility of the measured ORR 
activity. We have studied both poly-Pt and Pt/HSC (prepared using the RAD technique) since the 




Figure 2.10 Analysis of contributions from iRsoln, b.g. currents and K-L corrections in kinetic 
currents for (a) poly-Pt and (b) Pt/HSC and contributions normalized to the kinetic current for (c) 
poly-Pt and (d) Pt/HSC.  Breakdown presented as a function of 4 different scan rates (50, 20, 10 
and 5 mV/s) and 3 different potentials (0.85, 0.9, 0.95 V) as denoted in the plot. 
 
layer in contrast to the relatively smooth surface of bulk poly-Pt.  We would like to emphasize 
that, for the case of Pt/HSC, the ink dispersion, film fabrication technique and ensuing film 
properties will have a critical impact on the measured ORR activity; this aspect will be addressed 
in Chapter 3. 
2.4.3.1  Break-in/Conditioning 
Prior to evaluating poly-Pt disk or Pt/HSC film deposited on a GC tip, it is necessary to 
conduct a ‘break-in’ or conditioning procedure to obtain peak ECA and ORR activity that is 
associated with maximum catalyst utilization. Conditioning procedures apparently result in 
oxidation/removal of surface impurities and the formation of a stable re-organized surface on 
which reproducible measurements can be conducted. Early half-cell electrochemical studies on 
Pt wires in electrolytes included cycling the working electrode repeatedly to various potentials or 
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even holding at O2 evolution potentials to obtain a clean reproducible CV and high ORR 
activity.12,69,85–87 Conditioning procedures are also commonly implemented in PEMFCs; the 
conditioning protocol for PEMFCs involves high/low potentials holds and potential cycling 
under operating conditions where humidified air flows over the cathode and hydrogen over the 
anode.88 
RDE literature typically do not elaborate on the details of conditioning protocols or 
justification for the selected protocol but merely recommend repetitive potential cycling until the 
CV under N2 or O2 becomes stable.86,89 Figure 2.11a illustrates the gradual evolution of the CV 
profile as the number of 500 mV/s cycles advances to 50 (4 min). As we approach the 50th cycle, 
we observe the stabilization of the signature HUPD and oxide features indicating completion of 
conditioning. Our choice of a scan rate of 500 mV/s is based on extensive studies that point to 
the number of cycles being a stronger accelerant for conditioning rather than the total duration.  
It should be mentioned that scan rates in the range 100–500 mV/s produce similar outcomes but 
require different durations. Figure 2.11b shows the change in ORR I-V curve profiles for poly-Pt 
before (black) and after (red) conditioning; the profile in the kinetic, mixed, and limiting current 
regimes have evolved and stabilized after conditioning. The SA of poly-Pt at 0.9 V (20 mV/s, 
anodic sweep) rises from ~0.6 to 2.9 mA/cm2Pt as a result of the conditioning process. 
The choice of upper potential may partly account for the variation in reported SA for 
poly-Pt electrodes in the literature in addition to differences in surface preparation methods such 
as mechanical polishing, flame annealing21,30 or inductive heating.59 We evaluated conditioning 
protocols for several defined upper potentials; cycling to an upper potential of 1.0 V for poly-Pt 
resulted in incomplete conditioning as observed in the green curve in Fig. 2.12a. On the other 
hand, cycling to 1.2 V or 1.4 V for 50 cycles appears to oxidize/remove certain contaminants 
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Figure 2.11 Effect of conditioning for poly-Pt: (a) CVs under N2 during conditioning (0 rpm), (b) 
ORR I-V curves before and after the conditioning (20 mV/s, 1600 rpm, –0.01 to 1.0 V, anodic 
sweep, iRsoln and b.g. corrected). All measurements conducted in 0.1 M HClO4. 
 
from the surface resulting in a stable CV (0.025–1.0 V, 20 mV/s) with well-resolved 
characteristic pseudo-capacitive crests. For Pt/HSC, the upper potential was limited to 1.2 V to 
minimize carbon corrosion while still achieving conditioning as depicted in Fig. 2.12b. 
 
    
Figure 2.12 Effect of upper potential on electrode conditioning monitored using CVs after the 
conditioning process: (a) poly-Pt, (b) Pt/HSC. Final CVs after the conditioning measured in 0.1 
M HClO4 under the following conditions: 0 rpm, 20 mV/s, 0.025–1.0 V. 
 
Based on the above studies, we arrived at a measurement protocol for 
conditioning/break-in that is summarized with numerical details and a graphical representation in 
Table 2.3. This conditioning protocol has been used as a standard for all the ORR activity 
characterization studies reported in Chapter 2 and 3. We would like to point out, as a caveat, that 
48 
 
although this protocol has been found to be satisfactory for several Pt/C catalysts, some 
modifications may be necessary for Pt-alloy/C, unsupported Pt-alloy catalysts, Pt/graphitized 
carbon blacks, etc. In the case of Pt-alloys, if the catalyst has not been pre-leached, the base 
metal may dissolve and enter into the electrolyte as conditioning proceeds; this necessitates 
replacement of the electrolyte with fresh acid before final measurements are conducted. 
Likewise, certain Pt/graphitized carbons and heat-treated catalysts may be more hydrophobic and 
require increased number of conditioning cycles before they approach their peak ECA utilization 
and ORR activity. 
 
Table 2.3 Schematic representation of the potential profile and detailed protocol for conditioning 




Temperature (°C) 23 
Rotation Rate (rpm) 1600‒2500 
Potential Range (V vs. RHE) 0.025‒1.2 or 1.4 
Scan Rate (mV/s) 500 
Potential Cycle Number 50‒100 
 
2.4.3.2 ECA 
CVs conducted under an inert atmosphere provide us with at least four diagnostics that 
are essential for the complete characterization of catalysts in RDE studies. The primary 
diagnostic is the ECA extracted from the area under the HUPD peaks—this area corresponds to Pt 
active sites that are connected both electronically and protonically and hence available for 
participation in reaction. A secondary diagnostic relates to the location of the onset of surface 
oxide formation on Pt as well as the area under the oxide formation and reduction peaks. A 
positive shift in the onset of surface oxide formation has been correlated to the oxophobic nature 
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of the surface of larger Pt nanoparticles;90 it has also been correlated with Pt-alloys that exhibit 
improved ORR activity.29,46,91–96 Thirdly, peaks corresponding to anion adsorption from 
impurities may overlap with the HUPD and also cause a negative shift of the onset of 
oxides.10,29,35,47,51–54,58–65,97 Lastly, the so-called double layer regime provides capacitance 
information associated with Pt and/or carbon black and an estimate of the roughness factor.52,98  
The impact of rotation speed, voltage range and scan rate on the ECA are discussed below. 
2.4.3.2.1 HUPD—Rotation Speed 
It is noteworthy that the effect of rotation speed is negligible over most of the potential 
range except in the vicinity of H2 evolution potentials. As the rotation speed is increased, 
dissolved H2 close to the catalyst surface is swept away lowering the concentration of H2; this 
causes the onset of H2 evolution to shift towards positive potentials partially masking the HUPD 
peaks and resulting in a lower estimate of the charge (ECA) that is typically measured to the 
inflection point (~0.05 V). In our studies, a 13% decrease in ECA was observable as rotation 
speed was raised from 0 to 2500 rpm for poly-Pt. It is interesting to note that a phenomenon has 
been reported in MEAs of PEMFCs where a high flow of N2 that sweeps away cross-over and 
generated H2 at the working electrode produces a similar effect as high rotation speed in RDE.99–
101 Based on this understanding, all CV measurements under N2 were conducted at 0 rpm in this 
work. 
2.4.3.2.2 HUPD—Potential Range 
When measuring CVs under nitrogen, we typically conduct 3 sweeps or cycles starting 
from the double layer region (~0.4 V) and record the stabilized third sweep. Figure 2.13 shows 
CVs conducted in the range 0.025 V to upper potentials ranging from 0.50–1.2 V. One can 
observe that the charge related to oxide formation/reduction increases with increasing upper 
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potential and this in turn affects the HUPD peaks. The difference in HUPD area for sweeps 
conducted in the range 0.025–0.5 V versus 0.025–1.2 V is ~2% (~98–102 m2/gPt) and can be 
attributed to an incomplete reduction of oxides or a change/reorganization in the surface layer of 
Pt on which hydrogen adsorbs. The red dashed CV in Fig. 2.13 represents the protocol that we 
have employed throughout this study as detailed in Table 2.4. 
 
 
Figure 2.13 CVs under N2 on Pt/HSC conducted between a fixed lower potential of 0.025 V to 
systematically increasing upper potentials. CVs conducted in 0.1 M HClO4 at 0 rpm. ECA 
estimated from HUPD charge calculated from the CV profiles between ~0.05 V and ~0.4 V. 
 
Table 2.4 Schematic representation of the potential profile and detailed protocol for ECA 




Temperature (°C) 23 
Rotation Rate (rpm) 0 
Potential Range (V vs. RHE) 0.025‒1.0 
Scan Rate (mV/s) 20 
Number of Cycles  3 
Scan Type Linear (Analog) 





2.4.3.2.3 HUPD— Scan Rate 
The result of a higher scan rate on CVs is primarily an increase in pseudo-capacitive currents as 
evident in Fig. 2.14.  In order to be able to observe shifts in the onset of the pseudo-capacitive 
peaks, it is necessary to normalize the current to the scan rate to obtain the capacitance profile as 
illustrated in the inset of Fig. 2.14 (The CVs were intentionally left uncorrected for iRsoln). We 
observe small shifts in the HUPD peaks for scan rates above 20 mV/s. These peak shifts disappear 
and all the capacitance curves are superimposed when the CVs are corrected for iRsoln (not 
shown). Essentially, iRsoln has a significant impact on the CV only at relatively high scan rates 
when the currents are large. At low catalyst loadings (and poly-Pt), since pseudo-capacitive 
currents are extremely low (µA range), iRsoln can be neglected; however, at low loadings, the 
onset of H2 evolution shifts towards positive potentials leading to an underestimation of the HUPD 
charge and ECA. The red dashed CV in Fig. 2.14 at 20 mV/s corresponds to the application of 
the protocol that we have employed in this study as detailed in Table 2.4. Based on the above 
studies of potential range and scan rate, we arrived at a test protocol for ECA measurements 
using HUPD charge that is summarized with a graphical representation and related numerical 
details in Table 2.4. 
2.4.3.2.4 CO Stripping Voltammetry 
CO stripping measurements are often invoked in the literature when the alloying element (Ru, 
Co, Ni, etc) on the catalyst surface smears or distorts the HUPD peaks or when protons interact 
with the catalyst support (e.g. WOx) producing peaks that are unrelated to the HUPD and hence 
ECA.32,92,93,102,103 In addition, CO stripping allows us to bypass the issues related to the inflection 
point that transitions into H2 evolution.104 Experimentally, it is necessary to ensure complete 




Figure 2.14 CVs under N2 on Pt/HSC catalysts at 10–100 mV/s. CVs conducted in 0.1 M HClO4 
at 0 rpm without iRsoln correction.  Current normalized to scan rate plotted in inset. 
 
electrolyte has to be subsequently eliminated with a N2 purge prior to carrying out CO stripping. 
The purge time is a function of CO flow rate, cell volume, etc. We evaluated several protocols 
and found that a hold potential under CO flow of 0.05–0.10 V for a period of 15 min was 
sufficient to obtain the peak CO stripping area. Figure 2.15 illustrates an example of CO 
stripping on Pt/HSC electrocatalyst that was held at 0.10 V for 15 min under CO and 
subsequently purged with N2 for 30 min. In the first sweep (CO stripping), we observe capacitive 
currents until ~0.6 V followed by the emergence of a CO stripping peak in the voltage range 
~0.7−1.0 V. If the CO has been completely oxidized from the Pt surface, the second sweep 
should resemble a typical CV under N2. To confirm that the electrolyte has indeed been purged 
of CO, a final third sweep is recommended. In order to obtain the CO stripping charge, the 
second sweep is subtracted from the first and the residual area integrated. The ratio of CO 
stripping charge to HUPD charge was found to be 1.8−1.9 for poly-Pt and 2 for Pt/HSC catalyst. 
CO oxidation is a 2e– process (CO + H2O  CO2 + 2H+ + 2e–)105–107 and since our 
experimentally determined ratio of CO stripping charge to HUPD charge is ~2, it implies one CO 
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molecule adsorbed per Pt atom. Thus, the difference between the calculated ECAs using the CO 




Figure 2.15 CO stripping voltammogram for Pt/HSC catalyst in N2-purged 0.1 M HClO4 at 20 
mV/s:  first curve obtained after saturation of Pt surfaces with CO (solid red line), second sweep 
(blue dotted line), third sweep identical to second and not shown for clarity. 
 
2.4.3.3  ORR Activity 
The ORR activity of a catalyst can be fundamentally expressed as the product of the 
number of active sites and turnover frequency. A measure of the ORR activity described as the 
exchange current density (i0) can be obtained by extrapolating I-V Tafel plots over several orders 
of magnitude to the oxygen reversible potential (Erev). However, extrapolation of the Tafel slope 
is susceptible to significant errors and produces multiple values depending on the potential 
regime selected.108 A practical and conventionally accepted representation of  catalyst activity is 
the current density per Pt surface area at 0.9 V and 100 kPa O2.4,5,26,31,33,35,95,109–111 Obvious 
reasons for the selection of 0.9 V are: i) the OCV of Pt in acid electrolytes is about 1 V, ii) the 
ORR currents at 0.9 V are small enough that they may be expected to have negligible iRsoln and 
iR catalyst layer as well as complete participation of all the active sites, iii) the ORR currents are 
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large enough in comparison to the reverse currents (e.g. Pt dissolution, carbon corrosion and 
impurities), iv) the magnification of errors in ik that have their source in raw current 
measurements are minimized when the potential at which ORR activity is reported correspond to 
the range (0.1 < i/id < 0.5).30,84 
It is well-known that a higher oxide coverage on the Pt surface suppresses the ORR 
kinetics.10,30,79,80,111–116 Moreover, kinetic data acquired at a fixed scan rate, for instance, cannot 
be transformed to another scan rate for the purposes of comparison. The difficulty lies in the 
variable coverage of mixed surface oxide species (PtOH, PtO, etc.,) on the Pt surface that are a 
function of both potential and time.117–119 In the oxide formation regime, the initial growth of 
surface oxides is a fast process; this is followed by a slow logarithmic growth over long periods 
of time via the ‘place-exchange mechanism’. The magnitude of θO between 0.6 V and varying 
upper potentials is illustrated in Fig. 2.16 (assuming PtO) for both poly-Pt and Pt/HSC. The 
oxide coverage (θO) was estimated from the ratio of the oxide formation (2e– process) charge to 
the HUPD charge.119–122 Since ORR kinetics are studied in the voltage range 0.6–1.0 V, oxide 
species are formed and stripped during each sweep and the measured ORR activity, e.g., 0.9 V, is 
dependent on the history of the catalyst surface and specifically the oxide coverage immediately 
prior to the measurement. Another factor that affects the measured ORR activity arises from 
trace impurities in the electrolyte that are drawn towards the electrode and adsorb on Pt. The 
measured ORR activity of poly-Pt and Pt/C electrocatalysts is exceptionally sensitive to 
measurement protocol parameters such as the scan direction (anodic or cathodic), potential 
range, and scan rate. Thus efforts to standardize the ORR measurement protocol with careful 
selection based on a comprehensive study are warranted to enable facile inter-lab comparison of 




Figure 2.16 Potential dependence of O coverage on poly-Pt in 0.1 M HClO4 estimated from 
anodic sweeps under N2 at 20 mV/s. 
 
2.4.3.3.1 Scan Direction and Potential Range 
The effect of scan direction on the ORR I-V curves is inextricably entwined with the 
effect of potential range and scan rate. The effect of scan direction for a fixed potential range (–
0.01 to 1.0 V) and two scan rates of 5 and 20 mV/s are shown in Fig. 2.17.  The kinetic currents 
for anodic sweeps are consistently found to be higher than that for cathodic sweeps: for poly-Pt 
at 20 mV/s ik_anodic = 3.6ik_cathodic while at 5 mV/s ik_anodic = 5.3ik_cathodic, for Pt/HSC at 20 mV/s 
ik_anodic = 2ik_cathodic while at 5 mV/s ik_anodic = 2.4ik_cathodic. This trend is a reflection of the fact that 
the sweep begins in a regime where the Pt surface is oxide-free and subsequently builds up as the 
potential proceeds from the reducing to oxidizing potentials. The inset of Fig. 2.17 illustrates the 
correlation between the SA and oxide coverage which was extracted from CVs under N2 
conducted using an identical protocol as the ORR I-Vs; these trends are in agreement with 
literature.10,30,79,111–116,122 
The potential window over which the I-V curves are measured has a noticeable effect 
on the measured ORR activity and reproducibility at 0.9 V. To study the effect of lower potential 




Figure 2.17 Effect of scan direction for Pt/HSC ORR I-V curves at 5 and 20 mV/s in 0.1 M 
HClO4 (–0.01 to 1.0 V). Inset shows the effect of scan rate (anodic sweep) on the SA at 0.9 V 
along with percentage O coverage on Pt. 
 
at 1.0 V as shown in the potential profile of Fig. 2.18a.  Figure 2.18b depicts the effect of lower 
potential (Elow) on the SA for three consecutive sweeps in the anodic direction; as the Elow is 
raised from –0.01 V to 0.6 V, the surface oxide coverage at the beginning of each sweep is 
higher resulting in lower measured SA. When sweeps are started at potentials >0.1 V, the Pt 
surface is not completely reduced between sweeps leading to a build-up of oxides with time over 
three sweeps and a concomitant loss in measured SA with every consecutive cycle (#1, #2, #3). 
Conversely, when start potentials are confined to the range –0.01 V to 0.10 V, the sweeps start 
with an oxide free surface leading to high reproducibility for each of three consecutive sweeps.  
Figure 2.18c shows the same trend for the SA measured in the cathodic direction as was 
observed in the anodic direction although the magnitude of SA is lower by a factor of ~3. It is 
noteworthy that although a controlled potential history is a necessary condition, it is not 
sufficient, in that, Elow ≤0.1 V that results in a complete removal of oxides is required to obtain 
reproducible SA in cathodic direction as well. Based on these observations of high, reproducible 
activities for start potentials in the range –0.01 to 0.1 V, we down-select Elow to –0.01 V. 
Furthermore, we evaluated the effect of Ehigh on SA in the range 1.0–1.2 V for a fixed lower 
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potential of –0.01 V and 20 mV/s. Unsurprisingly, the SA is unchanged irrespective of Ehigh for 
anodic sweeps since all the oxide generated at the upper potentials are completely reduced at Elow 
of –0.01 V. For sweeps performed in the cathodic direction, as we raise Ehigh from 1.0 V to 1.2 
V, the oxide coverage is expectedly higher leading to lower measured SAs (not shown). Based 
on these results, we down-select the anodic scan direction that is initiated from a well-defined 
oxide-free surface and proceeds towards OCV. 
 
 
    
Figure 2.18 (a) Potential profiles applied to evaluate the effect of Elow on the SA at 0.9 V in 0.1 
M HClO4 (Ehigh: 1.0 V, b.g. and iRsoln corrected). SA of poly-Pt electrode as a function of Elow for 
(b) 3 anodic sweep profiles and (c) 3 cathodic sweep profiles. 
 
2.4.3.3.2 Scan Rate 
In order to investigate the effect of scan rate we confine our studies in the potential 
range –0.01 and 1.0 V based on our discussion in the previous section. Figure 2.19 illustrates the 
ORR I-V curves for poly-Pt in the range 0.5–100 mV/s as labeled; the I-V profile in the kinetic 
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and mixed regime declines systematically with a decrease in scan rate. Although the ORR I-V 
curves for poly-Pt fall in a narrow band for scan rates ≥10 mV/s, a steep decrease is observed at 
scan rates ≤5 mV/s. The % loss in SA for poly-Pt between 20 mV/s and 5 mV/s is ~50% (Fig. 
2.10a) while that for Pt/HSC is only ~25% (Fig. 2.10b). Since oxide formation is less 
pronounced on poly-Pt surface at most potentials (Fig. 2.16), this precipitous loss can only be 
ascribed to contamination of poly-Pt due to its low surface area.  At even lower scan rates such 
as 0.5 and 1 mV/s (Fig. 2.19), we additionally observe a lowering of the limiting current as well 
as an anomalous feature that may be attributed to impurity anion adsorption and H2O2 production 
that preclude us from extracting reliable SA values. Furthermore, the surface oxide coverage is 
higher at low scan rates since the catalyst spends more time at oxide forming potential to further 
lower the SA as is also evident in the inset of Fig. 2.17. At higher scan rates >20 mV/s, the 
impact of b.g. correction on the SA increase factor at 0.9 V is significant for Pt/HSC as shown 
previously in Table 2.2. Based on these considerations of contamination, surface oxides at lower 
scan rates, and b.g. correction contributions at high scan rates, we can narrow down a preferred 
range of scan rates to 10–20 mV/s. Therefore, we may further down-select the scan rate to 20 
mV/s which is fairly common in the literature.4,29–33,50 
2.4.3.3.3 Steady-State 
Practical PEMFCs are typically evaluated for performance using pseudo steady-state 
conditions and the question arises as to whether it is possible and reasonable to conduct similar 
measurements in RDE studies and identify the consequent advantages or repercussions. A 
schematic of the ORR protocol applied for the measurement of pseudo steady-state ORR I-V 
curves (15 min/point) in both the anodic and cathodic directions is presented in Fig. 2.20a. 




Figure 2.19 ORR I-V curves of poly-Pt in 0.1 M HClO4 at 0.5–100 mV/s without b.g. correction: 
(a) cathodic scan and (b) anodic scan. Sweeps were initiated from –0.01 V and swept anodically 
to 1.0 V followed by a cathodic sweep to –0.01 V under the conditions: 1600 rpm, iRsoln 
corrected. 
 
of each 15 min potential hold. During each 15 min potential hold, the ORR currents initially 
decay rapidly followed by a slower rate; even after 15 min, true steady-state is not achieved. It is 
remarkable that the currents exhibit hysteresis between the anodic and cathodic sweeps even 
under these pseudo steady-state conditions. The results of our pseudo steady-state studies agree 
qualitatively (but not quantitatively) with those reported for MEAs of PEMFCs where a similar 
decay in current during a potential hold as well as hysteresis is observed.100 The catalyst interface 
in MEAs of PEMFCs differ significantly from that in RDE; the catalyst layer of MEAs have Pt/C 
and a thin film of ionomer with gas and water pores whereas the catalyst layer in RDE is flooded 
with acid. In RDE measurements under pseudo steady-state conditions, the flooded catalyst layer 
in perchloric acid is highly susceptible to trace impurities that adsorb from the electrolyte. CV 
features obtained at the end of the steady-state sweep (Fig. 2.20c) (shift in the onset of oxide 
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formation) corroborate that the catalyst surface has indeed suffered poisoning. The original CV 
features were recovered after a conditioning procedure was applied (potential cycles from 0.025 
to 1.2 V at 500 mV/s). Additional findings not reported here indicate that the poisoning of the 
catalyst during steady-state current holds is more severe at lower loadings (µgPt /cm2) of Pt/HSC 
and poly-Pt. Thus it appears undesirable to acquire ORR kinetics under pseudo steady-state 
conditions in RDE systems. 
 
       
 
 
Figure 2.20 (a) Schematic representation of the ORR measurement protocol for the measurement 
of pseudo steady-state I-V curves in 0.1 M HClO4, and, (b) ORR Tafel plots for poly-Pt and 
Pt/HSC catalysts. Electrodes held at each potential for 15 min with the exception of low 
potentials ≤0.4 V in the anodic and cathodic directions. (c) CVs under N2: (i) initial, (ii) after the 
steady-state ORR activity measurements, and (iii) after conditioning (recovery) followed by the 




The SA of poly-Pt and Pt/HSC extracted from Fig. 2.19 and 2.20 for various scan rates 
as well as steady-state measurements are summarized in Fig. 2.21. ORR currents are 
approximately two orders of magnitude lower under pseudo steady-state in contrast to that at 20 
mV/s (anodic sweep). Hysteresis in the ORR activity over the entire range of scan rates 
(including pseudo steady-state) between the anodic and cathodic sweeps for poly-Pt as well as 
Pt/HSC is also observed. Higuchi et al.89 have reported in their work using CFDE method that 
ORR I-V curves for anodic and cathodic scans exhibit negligible hysteresis at 0.5 mV/s 
suggesting that steady-state had been attained. The lack of agreement between the present study 
and that of Higuchi et al.89 could stem from impurities in their electrochemical system. 
Based on the above discussion, it is evident that the slow scan rates result in significant 
contamination and high surface oxide coverage of the catalyst that manifests itself as a steep 
decrease in the measured ORR activity, severe hysteresis, anomalous features and attenuated 
limiting currents. The rate of change of SA is observed to plateau for scan rates in the range 10–
50 mV/s; as discussed previously, we have selected 20 mV/s as the scan rate for all experiments 
reported in this work (unless stated otherwise). Since the surface species (PtOH, PtO, etc.) and 
surface oxide coverage (θoxide) of Pt are not well defined, (with the exception of an over-
simplified θO vs. E plot as in Fig. 2.16), it becomes challenging to convert data from a given scan 
rate and scan direction to another or normalize activity to scan rate. Acquisition of data at a 
defined scan rate and scan direction as well as potential window would allow facile comparison 
of data between labs. A test protocol for measurement of the ORR activity is summarized along 
with a graphical representation and associated numerical values detailed in Table 2.5. This ORR 
activity protocol has been used as a standard for all the electrochemical activity characterization 




Figure 2.21 Effect of scan rate on the measured SAs for poly-Pt and Pt/HSC in 0.1 M HClO4 in 
the range 0.5–100 mV/s. Pseudo steady-state measurements (15 min/point) represented by black 
(poly-Pt) and grey (Pt/HSC) on the bottom left; the abscissa is split to include pseudo steady-
state data markers at zero scan rate. 
 
Table 2.5 Schematic representation of the potential profile and protocol for ORR activity 
measurement protocol of Pt electrocatalysts in 0.1 M HClO4 at 100 kPa. 
 
 
Gas N2 or O2 
Temperature (°C) 23 
Rotation Rate (rpm) 1600 
Potential Range (V vs. RHE) −0.01 to 1.0 (Anodic) 
Scan Rate (mV/s) 20 
Rsoln Measurement Method i-interrupter or EIS (HFR) 
iRsoln Compensation Positive Feedback 
Background Correction iO2 – iN2 
 
2.4.4  Statistical Reproducibility 
Electrocatalyst suppliers scale up their materials in batches that approach a few kg and 
verify batch-to-batch quality by characterizing dry catalyst powders for BET, CO chemisorption, 
TEM and XRD but only sporadically report ORR activities.  In order to verify the batch-to-batch 
variability of SA, we report activity measurements for 3 batches of TKK Pt/HSC electrocatalysts 
using the protocols defined in earlier sections. 
A Normal or Gaussian distribution is conventionally invoked to obtain the mean and 
variance when the standard deviation of an entire population is known. In order to report valid 
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standard deviations, it is necessary to evaluate sufficient number of samples from several inks. 
When the standard deviation of a population is not known and only 3–8 samples are evaluated as 
is conventional in the RDE literature,27,35,50,83 a ‘t’ distribution is the more appropriate choice. A 
‘t’ distribution for a sample size of 50 approaches a normal distribution to within 2% for a 90% 
confidence interval (CI); for 20 samples, the ‘t’ distribution is within 5% for the same CI. 
Although it is not necessary to evaluate 20–50 independent RDE samples for every novel 
catalyst, it is desirable to do so when establishing benchmark ECA, SA and MA values for a 
baseline Pt/C catalyst. In Fig. 2.22, we demonstrate the reproducibility of the ECA values for 
Pt/HSC prepared using the RAD method with a Gaussian fit to the sample frequency, along with 
the Gaussians corresponding to 3 batches (a: 109-2471, b: 1010-2031, c: 1010-6671) of catalyst 
powder from which they were prepared. The ECA based on the combined Gaussian for 49 
independent samples is 99 ± 5 (5%) m2/gPt; the corresponding SA and MA are 485 ± 50 (10%) 
µA/cm2Pt and 477 ± 42 (9%) mA/mgPt. Bearing in mind the contribution of electrochemical 




Figure 2.22 Gaussian distribution for the ECA of Pt/HSC electrocatalyst measured in 0.1 M 
HClO4 based on 49 independent sample electrodes using the ECA test protocol detailed in Table 
2.4 (23°C, N2, 0 rpm, 20 mV/s, 0.025–1.0 V). Gaussians for samples measured from each of the 




Although RDE studies for screening the ORR activity of Pt based catalysts is 
widespread, the results are highly sensitive to impurity levels in the cell and electrolyte, 
protocols used for conditioning, ECA and ORR I-V measurements as well as corrections for 
background currents and solution resistance. We have conducted extensive systematic studies on 
the evaluation of these factors on the measured ORR activity and arrived at reasonable protocols 
that will allow rapid screening of electrocatalysts and ensure a high degree of reproducibility. 
Poly-Pt is an excellent sensor of impurity levels such that obtaining an SA >2.0 mA/cm2 (20 
mV/s, 25°C, 100 kPa, 0.1 M HClO4) allows for the accurate determination of the ORR activity 
of Pt based catalysts. We have demonstrated the statistical reproducibility of ORR activity in our 
laboratory for poly-Pt and Pt/HSC using the protocols that have been outlined. The applicability 
of these protocols to verify reproducibility for several catalyst candidates in three independent 
laboratories has also been conducted, and will be reported elsewhere. The methodology and 
protocols developed in this study have been applied to investigate the effect of ink formulation 
and film fabrication parameters on the ORR activity of nanoparticle Pt/C catalysts in Chapter 3. 
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3.1 Abstract 
Platinum electrocatalysts supported on high surface area and Vulcan carbon blacks 
(Pt/HSC, Pt/V) were characterized in rotating disk electrode (RDE) setups for electrochemical 
area (ECA) and oxygen reduction reaction (ORR) area specific activity (SA) and mass specific 
activity (MA) at 0.9 V. Films fabricated using several ink formulations and film-drying 
techniques were characterized for a statistically significant number of independent samples. The 
highest quality Pt/HSC films exhibited MA 870 ± 91 mA/mgPt and SA 864 ± 56 µA/cm2Pt while 
Pt/V had MA 706 ± 42 mA/mgPt and SA 1120 ± 70 µA/cm2Pt when measured in 0.1 M HClO4, 
20 mV/s, 100 kPa O2 and 23 ± 2°C. An enhancement factor of 2.8 in the measured SA was 
observable on eliminating Nafion ionomer and employing extremely thin, uniform films (~4.5 
μg/cm2Pt) of Pt/HSC. The ECA for Pt/HSC (99 ± 7 m2/gPt) and Pt/V (65 ± 5 m2/gPt) were  
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statistically invariant and insensitive to film uniformity/thickness/fabrication technique; 
accordingly, enhancements in MA are wholly attributable to increases in SA. Impedance 
measurements coupled with scanning electron microscopy were used to de-convolute the losses 
within the catalyst layer and ascribed to the catalyst layer resistance, oxygen diffusion, and 
sulfonate anion adsorption/blocking. The ramifications of these results for proton exchange 
membrane fuel cells have also been examined. 
3.2 Introduction 
With the initiation of commercialization of automotive proton exchange membrane fuel 
cells (PEMFCs) rapidly approaching, a reduction in the cathode platinum electrocatalyst loading 
by a factor of ~4, while maintaining the performance, has become imperative to meet the cost 
targets (~10 gPt/100 kW stack; ~$50/gPt).1–3 A technique to rapidly screen novel advanced 
electrocatalysts that are typically synthesized in mg batches is indispensable to researchers 
pursuing this objective. Over the last two decades, commercially obtainable rotating disk 
electrode (RDE) systems have gained in popularity since they can be conveniently adapted for 
deposition of catalyst films on glassy carbon (GC) disks. The modified thin film RDE (TF-RDE) 
technique is well suited for the screening of oxygen reduction reaction (ORR) catalyst candidates 
as a first step to limit the time and expense invested in an expensive scale-up of catalyst 
synthesis and a necessarily time-consuming and elaborate evaluation in a practical subscale 
PEMFC platform. 
A survey of the TF-RDE literature is indispensable in delineating the evolution of the 
technique from its beginnings to its current status and future as a standard method for screening 
electrocatalysts. The TF-RDE technique owes its inception to the seminal work of Gloaguen et 
al. in 19944 who elucidated a method for fabricating electrodes using Nafion-based Pt/V inks to 
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obtain the SA and MA. They analyzed Pt/V catalyst layers having 1.1 μm and 5.6 μm 
thicknesses (calculated for a mixed catalyst/ionomer layer) using ORR Tafel analysis coupled 
with a macro-homogeneous model (uniformly distributed catalytic sites and electrolyte) to 
account for O2 diffusion within the catalyst layer. For thinner films, they concluded that kinetic 
parameters were extractable directly from Tafel plots at low current densities after applying the 
Koutecký-Levich (K-L) correction for O2 diffusion in the bulk electrolyte. Chien et al.5 were 
some of the first researchers who investigated mass transport through a polymer film coated on 
RDE by applying the K-L equation without modification for film contribution. Later, Gough et 
al.6,7 treated the mass transport resistance on poly-Pt RDE disks coated with an ionomer film by 
introducing an additional term in the K-L equation, viz., 1/if = 1/(–neFDfCf/δf), where ne, F, Df, 
Cf, δf represent electron number, Faraday’s constant, diffusivity and solubility of a reactant in the 
film, and film thickness respectively. Gottesfeld et al.8 were the first to invoke the 1/if term to de-
convolute Df and Cf of O2 from steady-state currents (limiting currents) and transient currents 
(LSVs) for thick recast Nafion films on roughened poly-Pt disks; Lawson et al.9 followed this 
work using solution-processed Nafion on poly-Pt. Watanabe et al.10 studied the effect of Nafion 
cap thickness (on bulk poly-Pt) on the magnitude of the H2 and O2 diffusion limiting currents and 
ascertained that the limiting currents were not affected for film thicknesses <0.2 μm. 
Following these findings on the impact of Nafion caps on bulk electrodes, Schmidt et 
al.11 proceeded to refine the TF-RDE technique. Their film formation process included 
depositing a Pt/C catalyst ink on GC, drying, and lastly deposition of an aliquot of Nafion 
ionomer producing a capped structure (~7 μg/cm2Pt, thickness <~10 μm by microscopy). They 
argued that their measured kinetic currents (ik) bypassed the necessity for mathematical modeling 
employed by Gloaguen et al.4 They conducted a limiting current study for Nafion cap thickness 
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between 0.1–15 μm (calculated from Nafion density 2.0 g/cm3 and geometrical area) and 
determined that the H2 diffusion resistance became negligible for cap thicknesses below 0.5 μm.  
The ensuing work of Gojkovic et al.12 involved a broader set of experiments for Pt/C catalysts 
mixed in with Nafion that were also analyzed using the K-L modification (1/if). They explored 
the ORR kinetics for Pt supported on various carbon black supports in 0.1 M H2SO4, H3PO4, 
HClO4 and NaOH. Paulus et al.13 subsequently extended the study of Schmidt et al.11 to ORR 
kinetics with Pt/V (14 μg/cm2Pt) and inferred from the magnitude of limiting currents that when 
using <0.2 μm Nafion caps (profilometer) O2 diffusion losses can be safely disregarded. Higuchi 
et al.14 fabricated catalyst films with low loadings of 1.37–9.66 μg/cm2Pt and calculated thickness 
~0.03 µm. They asserted that the Nafion cap thickness needed to be <0.1 µm to obtain ORR 
kinetics but did not support their claims with SA values under comparable conditions to the work 
of Paulus et al.13 In employing Nafion caps, researchers often implicitly postulate a discrete 
Nafion film located over the catalyst layer and calculate a hypothetical cap thickness based on 
density and volume of ionomer used. These assumptions are unrealistic and only applicable 
when present over a smooth non-porous bulk material like poly-Pt; for a porous Pt/C catalyst 
layer, the aliquot of Nafion used to form a cap penetrates and distributes itself over the depth of 
the catalyst layer. Additionally, the literature does not offer adequate descriptions of the 
admittedly non-trivial measurement of the thickness and uniformity of the catalyst layer itself 
until very recently.15 
Nevertheless, the refinement and advanced implementation of the TF-RDE technique 
reported by the groups discussed so far4,11–14 has had a profound influence in the field of 
electrocatalyst characterization leading to its widespread adoption. TF-RDE has been use to 
determine the ORR activity of Pt-alloy catalysts,16–24 core-shell catalysts,25–30 extended thin film 
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structures,17–19,31,32 non-precious metal catalysts,33–39 Pt on alternative supports,40,41 as well as 
particle size effects,12,15,42–48 oxygen reaction order,13,49 activation energy, durability,25,29,30,40,49–58 
Pt surface oxidation,59,60 and peroxide formation (RRDE).34,61–65 
One of the few systematic studies that engaged in optimizing the catalyst ink to 
improve film properties is that by Takahashi et al.49 Conventional inks used to fabricate TF-RDE 
electrodes are normally formulated by sonication of inks composed of the electrocatalyst, water, 
alcohol and Nafion ionomer. Takahashi et al.49 varied the proportion of water to IPA and 
sonication times to obtain optimal IPA contents that resulted in ECAs that were markedly higher 
by ~20% compared to IPA-free inks. They also highlighted the fact that an arbitrary ink 
formulation was unlikely to produce good quality films for different catalysts. 
In a series of three papers, Garsany et al.66–68 highlighted a number of issues relating to 
catalyst layer quality. They showed that the so-called ‘coffee ring’ structure69 observed for 
catalyst layers fabricated using stationary techniques could be significantly reduced by 
depositing the ink on an inverted RDE rotator. The catalyst layers fabricated by the rotational 
drying technique resulted in improvements in SA at 0.9 V by as much as a factor of 1.9 (no iR 
correction). In recent advancements, Ke et al.15 employed a novel, proprietary automated ink-
dispensing device capable of depositing thousands of ‘nanoliter sized droplets’ onto the GC to 
generate a series of Nafion-based uniform catalyst layers of varying thickness. They reported an 
increase in SA at 0.9 V by a factor of ~1.4 (no iR correction) when the loading was reduced from 
70.4 µgPt/cm2 to 3.91 µgPt/cm2. 
The ionomer in the catalyst layer has been characterized to have a micelle-like 
structure composed of a PTFE backbone with –SO3H pendant mobile side chains that differ from 
both thin ionomer continuous films and free acids. The ionomer has also been postulated to 
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consist of discontinuous fragments that form a non-uniform coating on nano-particle platinum 
dispersed on carbon black and is highly influenced by interfacial interactions. Although some 
studies have discussed a blocking effect by Nafion8,9,70–72 as well as a higher O2 solubility,8,9,73 
specific adsorption of the sulfonate anion has been traditionally disregarded in both descriptive 
and mathematical models. Recently, Subbaraman et al.74,75 in a series of publications have 
reported observing irreversible peaks attributable to sulfonate anion adsorption on either HUPD 
region or double layer region on well-defined Pt and poly-Pt surfaces, combined with a positive 
shift in the onset of oxides and ORR activity loss. The activity loss on Pt(111), (110) and (100) 
surfaces by ionomer paralleled that observed at bare Pt surfaces in sulfuric acid solution and they 
drew the conclusion that sulfonate anion adsorption was the main source of ORR activity loss. 
They also report on a similar but less pronounced effect on the 3M NSTF (~10 m2/g) catalysts 
with the extent of loss following the sequence Pt(111)>poly-Pt>NSTF.  Several complementary 
studies have reported the detrimental effects of sulfonate anion adsorption.76–78 
A common factor in a majority of the TF-RDE studies for Pt/C catalysts encountered in 
the literature is the incorporation of Nafion ionomer either mixed in with the catalyst ink 
formulation or applied as a cap over the dried catalyst film on RDE disk.4,11–13,15,46–49,59,60,67,79–82 
However, the ORR activity values that are measured with added Nafion represent a complex, 
poorly defined, and variable electrochemical interface that can be represented as “Pt/C | 
discontinuous Nafion film soaked in 0.1 M HClO4, free 0.1 M HClO4”. We use this notation 
to describe two parallel interfaces, Pt/C in contact with HClO4 soaked Nafion and Pt/C directly 
in contact with free HClO4 as shown in Fig. 3.1. Previous ionomer cap studies have 
predominantly addressed O2 diffusion within the Nafion cap and the need to minimize the cap 
thickness to directly obtain kinetic values from the basic K-L expression without incorporation 
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of the additional term (1/if) corresponding to film resistance. Although it is a well-established 
fact that a calculated Nafion cap thickness <0.1–0.2 µm has no measurable effect on the O2 




Figure 3.1 Photoshop modified TEM image representing the Pt/C | discontinuous Nafion film 
soaked in 0.1 M HClO4, free 0.1 M HClO4 interface conventionally evaluated in RDE studies. 
Blue color and yellow correspond to dilute acid and Nafion ionomer film, respectively. 
 
3.2.1 Current Status of TF-RDE Technique 
Our discussion of the TF-RDE literature delineates the evolution of the technique 
through: i) the development of an ink mixed with Nafion that produced fairly thick catalyst 
layers, ii) understanding the impact of Nafion film thickness (cap) on diffusion limiting currents, 
iii) improvements in ink dispersion, and, iv) advancements in catalyst layer quality. Despite all 
these advancements, there continues to be a spread in the ORR activity reported using TF-RDE; 
the absence of a baseline for Pt/C obtained using an established protocol and best practices for 
catalyst layer fabrication leads to difficulties in benchmarking novel catalyst candidates. It is 
evident that values of “kinetic currents” and “activity” reported in the literature actually 
represent a “measured activity” that may not be completely free from losses associated with O2 
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diffusion, protonic resistances ‘within the catalyst layer’ as well as blocking/adsorption by 
species at the catalyst-electrolyte interface.13,15,67,83–85 
3.2.2 Focus of This Study 
The objectives of this study are: i) to evaluate the ORR activity using conventional and 
advanced film fabrication techniques;84,85 ii) to demonstrate results with significant statistical 
reproducibility using down-selected protocols established and defined in Chapter 2; iii) to 
evaluate extremely thin Nafion-free catalyst layers (Pt/C | free 0.1 M HClO4 interface) that have 
not been studied previously, iv) to evaluate the impact of Nafion ionomer on the activity that also 
have implications for PEMFCs, v) to obtain a breakdown of losses within the catalyst layer (for 
Pt/HSC) that identifies and de-convolutes the loss contributions from O2 diffusion, catalyst layer 
resistance, and ionomer adsorption/blocking for the first time in RDE investigations, and, lastly 
vi) to emphasize the causes for the differences in the absolute magnitude of activity between 
MEAs and TF-RDE. 
3.3 Experimental 
3.3.1 Catalysts, Chemicals, and Reactant Gases 
Two commercial TKK Pt/C electrocatalysts, namely, TEC10E50E (Pt/HSC; 132.6 
m2/gPt CO chemisorption) and TEC10V50E (Pt/V; 77.6 m2/gPt CO chemisorption) were 
employed. DI water, isopropanol (IPA), Nafion solution, conc. sulfuric acid, Nochromix®, 
alumina dispersion, and reactant gases used in this study have identical specifications as detailed 
in Chapter 2. A non-ionic surfactant (Triton X-100, Sigma, #T-9284) was incorporated into 
surfactant-based ink formulations. 70% perchloric acid sourced from Veritas® Doubly Distilled 
(GFS chemicals) for poly-Pt studies and Superior Reagent (ACS) (GFS chemicals) for Pt/C 




Details of the specifications of microbalance, AutoLab potentiostats, as well as Pine 
rotators, rotator shafts, GC and poly-Pt electrode tips (ϕ = 5 mm, 0.196 cm2) are specified in 
Chapter 2. A bath sonicator (FS30H, Fisher Scientific, output: 42 kHz, 100 W) as well as a horn 
sonicator (S-4000, QSONICA, LLC., output: 20 kHz, 600 W max) were employed in the 
preparation of catalyst inks. An optical microscope (AM4815ZT Dino-Lite Edge, Dino-Lite 
Digital Microscope) was routinely used to facilitate low-resolution inspection of catalyst layers 
on GC. JEOL JSM-7000F Field Emission Microscope with EDAX Genesis Energy Dispersive 
X-Ray Spectrometer was employed to conduct SEM and EDX characterization and detailed 
examination and analysis of the distribution of catalyst on GC. 
3.3.3 Electrochemical Cell Apparatus 
The electrochemical cell design (130 mL; CE: Pt gauze; RE: RHE; WE: GC with 
catalyst layer or bulk poly-Pt disk) as well as detailed cleaning procedure that includes 
acid/oxidizing agent soak and subsequent 3–6 DI water rinses are exhaustively described in 
Chapter 2. The cell was repeatedly rinsed with dilute HClO4 solution 2–3 times prior to being 
filled with a measured amount for experimentation. 
3.3.4 Electrochemical Measurements 
Protocols for break-in/conditioning, CVs and ORR I-V curve measurements that were 
established based on comprehensive experimental studies were reported in Chapter 2 and have 
been meticulously adhered to in this manuscript except when clearly stated otherwise. Correction 
for background (b.g.) currents and solution resistance (Rsoln) were applied to all electrochemical 
data.  All measurements were conducted at 23 ± 2°C; ORR kinetic currents have been corrected 
to 100 kPa O2 and the SA (μA/cm2Pt) and MA (mA/mgPt) reported at 0.9 V vs. RHE.13,86,87 
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Electrochemical impedance spectra were acquired for RDE catalyst layers using an 
FRA (AutoLab) at a constant potential (0.1–0.9 V) under N2 atmosphere (2500 rpm) or O2 
atmosphere (1600 rpm) with a 5 mV amplitude voltage perturbation. The potential was initially 
set to 0.1 V for 5 sec and subsequently stepped to a desired potential (0.45 V unless stated 
otherwise) and held for 5 sec prior to measurement of the impedance spectrum. Impedance 
spectra (single sine measurement) were obtained in frequency range from 10k Hz to 0.1 Hz with 
a sampling rate of 5 or 10 points/decade. The spectra under N2 atmosphere were fitted with a 
transmission line model by using Z view software (Scribner) to obtain catalyst layer protonic 
resistance.  In order to obtain spectra for a wider frequency regime that includes fast kinetics as 
well as slower diffusion processes that compete with adsorption processes, the multi sine 
measurement (15 waves) was conducted. The spectra were collected at constant DC current 
(0.51–3.57 mA/cm2) under O2 atmosphere (10 µA/cm2 amplitude, 0.1 Hz to 10 kHz, 1 
point/decade, 1600 rpm). The catalyst was first reduced by setting the potential to –0.01 V for 3 
sec; after switching to galvanostatic mode, the current was stepped to a desired value followed 
by acquisition of the spectrum under pseudo-steady state conditions. 
3.3.5 Ink Formulation/Catalyst Layer Fabrication 
Ink formulations discussed in the work may be classified into Nafion-based (N) and 
Nafion-free (NF) formulations. The accompanying film drying processes may be described as: 
stationary (S), rotational (R), air dry (AD) and IPA atmosphere dry (IPAD); drying was either 
carried out at 23 ± 2°C or in an oven at 40oC. The nomenclature for the different combinations of 
ink formulation and film drying can thus be represented by the following acronyms: i) Nafion-
based Stationary Air Drying (N-SAD); ii) Nafion-free Stationary Air Drying (NF-SAD), iii) 
Nafion-based Rotational Air Drying (N-RAD), iv) Nafion-free Stationary IPA drying (NF-
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SIPAD). The quality of the catalyst layers on GC tips were monitored using an optical 
microscope as a standard practice with typical images illustrated in Fig. 3.2. Both Pt/HSC and 
Pt/V catalysts were evaluated with the four catalyst layer fabrication techniques. 
 
 
Figure 3.2 Routinely obtained optical micrographs (x~50) of catalyst layers films on GC tips 
using (a) N-SAD, (b) N-RAD, (c) NF-SAD and (d) NF-SIPAD fabrication techniques. 
 
3.3.5.1 Nafion-Based Catalyst Layers—N-SAD, N-RAD Technique 
An example of standard ink formulation for the preparation of a catalyst layer with a 
loading of 18 μg/cm2Pt pipetted onto the GC with a 10 μL aliquot is as follows. Catalyst inks 
were prepared by mixing 7.6 mg Pt/C catalyst powder with 7.6 mL DI water, 2.4 mL IPA, and 
40 μL of 5 wt% Nafion solution.84,85 The sample bottles containing inks were placed in an ice 
bath and dispersed either using bath sonication (100 W, 20 min) or horn sonication (6 W, 30 s). 
For the N-SAD technique, the GC tip with the aliquot of ink was placed on a custom-built 
stainless steel holder (for precise leveling) and air dried at 40°C in an oven.84  For the N-RAD 
technique, the aliquot of ink was pipetted onto the GC tip mounted on an inverted rotator shaft 
(while gently spinning at 0–100 rpm); the rotator speed was gradually raised to 700 rpm and the 
ink allowed to dry over 15 min in air at 23 ± 2°C.66 
3.3.5.2 Nafion-Free Catalyst Layers—NF-SAD Technique 
An example of standard ink formulation for the preparation of a catalyst layer with a loading of 
18 μg/cm2Pt pipetted onto the GC with a 10 μL aliquot is as follows. For the NF-SAD technique, 
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Pt/HSC catalyst inks were prepared by mixing 7.6 mg catalyst powder with 6.5 mL DI water, 3.5 
mL IPA and 2.5 μL of 10 times diluted TRITON X-100.84 Pt/V catalyst inks were prepared by 
mixing 7.6 mg catalyst powder with 6.5 mL DI water and 3.5 mL IPA with no added surfactant. 
The sample bottle containing catalyst inks were placed in an ice bath to form a dispersion using 
horn sonication (6 W, 60 s). For the NF-SAD technique, the GC tip with the aliquot was placed 
on a custom-built stainless steel holder (for precise leveling) and air dried at 40°C in an oven.84 
For the case of extremely low loadings of 4.5 μg/cm2Pt, a 2.5 μL aliquot was deposited to obtain 
thin uniform catalyst layers comparable to that obtained by applying the NF-SIPAD technique 
described below. 
3.3.5.3 Nafion-Free Catalyst Layers—NF-SIPAD Technique 
An example of standard ink formulation for the preparation of a catalyst layer with a 
loading of 4.5 μg/cm2Pt pipetted onto the GC with a 5 μL aliquot is as follows. For NF-SIPAD 
technique, Pt/C catalyst inks were prepared by mixing 7.6 mg catalyst powder with 7.6 mL DI 
water, 2.4 mL IPA.85 The catalyst inks were placed in an ice bath to form a dispersion using horn 
sonication (6 W, 30 s). The aliquot of ink was subsequently pipetted onto the GC disk placed on 
a custom-built stainless steel holder and positioned in a beaker (400 mL) filled with 5 mL of 
IPA. The beaker was sealed with a polymer film that was perforated (Fig. 3.3). The beaker with 
the electrodes and IPA were placed in an oven heated to 40oC to gradually (~3 hours) dry the 
inks under IPA vapor (~13 kPa) and form the catalyst layer.14 The NF-SIPAD technique resulted 
in the thinnest and most uniform films. 
3.3.6 Nafion Caps on Poly-Pt and Pt/HSC 
Subsequent to an ORR activity evaluation on bare poly-Pt, the electrode was rinsed, covered 




Figure 3.3 Custom sample holder and set-up for drying catalyst layers on GC tip under an IPA 
atmosphere using the NF-SIPAD fabrication technique. 
 
the poly-Pt surface was observed to become hydrophobic. A 2 µL aliquot of 0.025 wt% Nafion 
solution (x200 diluted with IPA) was dropped on poly-Pt surface with the electrode dried at 23°C 
followed by annealing in an oven at 140°C for 15 min to increase physicochemical stability.74,78 
Alternatively, direct application of Nafion solution on bare poly-Pt surface (N2-dried, DI water 
rinsed) also produced the same results. For the case of Pt/HSC (NF-SIPAD), diluted Nafion 
solution (2.5 µL) was dropped on the films followed by drying at 23°C. I/C ratio in the range 
0.5–3.0 were obtained for a given electrode through a series of steps involving measurement of 
ORR I-V, capping and drying. The entire sequence was repeated for 8 independent samples. The 
films were visually inspected for integrity before and after Nafion capping. 
3.4 Results 
3.4.1 Foundation for Ink Formulation/Film Fabrication 
Before proceeding to discuss the details of the specific techniques that we have 
developed and modified recently, we describe the general understanding that we have gained in 
our work from refinements in ink formulation and dispersion. Both Pt/HSC and Pt/V were 
candidate catalysts for all of the techniques discussed in the present study. At the outset, we 
85 
 
embarked on an evaluation of a large number of electrodes using inks incorporating only Pt/C 
and water to investigate if the typical constituents used (IPA, Nafion ionomer) were absolutely 
essential. Although we observed sporadic high values for the SA (0.9 V, 25oC, 100 kPa and 20 
mV/s), we encountered great difficulty in obtaining reproducible results with a low spread 
(number of samples: n = 44, sample mean: ?̅? = 450 µA/cm2Pt, sample standard deviation: s = 130 
µA/cm2Pt, relative standard deviation: RSD = 30%). We re-introduced IPA, (and Nafion for some 
techniques) progressively in an attempt to obtain narrower Gaussian distributions for ORR 
parameters. An IPA content of about 24% was found to result in optimally dispersed inks and 
confirmed the findings of Takahashi et al.49 and resulted in peak ECA values approaching 100 
m2/gPt for Pt/HSC. Thereafter, we conducted a methodical study of the impact of ionomer (I/C 0–
1.4) in the catalyst ink as shown in Fig. 3.4; based on the flattening of the response, an I/C ration 
of 0.5 was selected for techniques where Nafion was incorporated. Nafion-free films required the 
development of new drying techniques and the introduction of a non-ionic surfactant viz., Triton 
X-100 that will be discussed in the section devoted to Nafion-free catalyst layers. A systematic 
study of the effect of platinum loading (4–80 µg/cm2Pt) (and hence thickness) was also 
performed, but since the results are specific to a particular film fabrication technique, they will 
be discussed later. One of the studies that we pursued was the influence of the type, intensity and 
duration of ultra-sonication of the catalyst inks. During sonication under ambient conditions, heat 
is generated and the temperature of catalyst ink rises noticeably resulting in lower (by ~30%) 
ECA values. Placing the sample bottles completely in an ice-water bath during the sonication 
process was found to mitigate the thermally induced degradation of smaller Pt particles. Figure 
3.5 depicts the change in ECA, SA and MA for measurements performed on films fabricated 
from inks that were sonicated with and without an ice-water bath. In cases where the more 
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aggressive horn sonication was applied, raising sonication intensities resulted in increasingly 
deleterious effects observable as a loss in ECA (Fig. 3.5) as previously reported by Pollet et al.88 
Based on our observations, an ice bath was consistently employed for ink preparation; a bath 
sonication time of ~20 min and/or a horn sonication intensity of ~6 W for 30 s was typically used 
in our studies. 
 
 
Figure 3.4 Influence of the I/C ratio on the ECA and SA at 0.9 V of Pt/HSC (18 µgPt/cm2). All 
measurements conducted in 0.1 M HClO4 at 20 mV/s. 
 
 
Figure 3.5 Impact of cooling of catalyst ink using an ice bath during sonication as well as 





3.4.2 Nafion-Based Catalyst Layers 
In Nafion-based catalyst layers, ionomer was typically incorporated in the catalyst ink 
before deposition and drying. The use of ionomer in catalyst inks facilitates a better dispersion of 
the catalyst and to some extent precludes the flaking off of catalyst films subject to high 
rotational speeds. The drying techniques for Nafion-based catalyst layers can be divided into: i) 
those that are dried while immobilized in an oven, and, ii) those that are dried in air on an 
inverted rotating shaft as described below. 
3.4.2.1 Nafion-Based Stationary Air Dry (N-SAD) Technique 
A series of ink formulations having varying formulation/aliquot volume/Pt loadings were 
systematically evaluated to arrive at an optimal ink formulation for the N-SAD technique 
expressible as Pt/C:water:IPA:Nafion = 7.6 mg:7.6 mL:2.4 mL:40 µL (10 µL aliquot, 18 
µgPt/cm2). The aliquot of ink is pipetted onto the GC disk and the film dried in an oven at 40°C 
under air atmosphere. Major groups have reported using similar techniques in the literature and 
obtained fairly similar ORR activity results despite variations in the measurement 
protocol.15,46,49,66,83,84 The method of pipetting is subject to the skill of the operator although 
fairly reproducible results can be obtained with practice and training. The N-SAD technique 
results in a film that typically consists of a ‘coffee ring’ at the periphery or circumference of the 
GC tip that can vary in width and thickness with catalyst loading. The ‘coffee ring effect’69 is 
well-known and occurs when a liquid droplet containing particles in a suspension evaporates—in 
our case Pt/C agglomerates in the water/IPA ink dispersion. The Pt/C agglomerates are 
transported by capillary flow to the drop edge by evaporation at the boundary; as the liquid 
evaporates, agglomerates are deposited at the periphery, forming a ring structure.  The thickness 
and width of the ring are affected by evaporation rate, drying technique, presence of surfactants, 
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shape of the particles, as well as size of the droplet. Furthermore, Nafion ionomer in the ink also 
has a tendency to collect at and over the coffee ring. Figure 3.6 illustrates SEM images for 
Pt/HSC that illustrates film non-uniformity/coffee ring and complemented with EDAX images 
that show elemental maps of Pt and F. It is actually surprising that despite the non-uniformity, 
the technique results in reproducible activity and is speculated to be the apparent reason why 
advancement of films was not found to be an urgent necessity for a period of time. Additionally, 
SEM images for Pt/HSC at low magnification of the entire electrode (a), central region (b), and 
peripheral region (c) for each of the techniques are depicted in Fig. 3.7. Figure 3.8 depicts 
Gaussian distributions for the SA of Pt/HSC and Pt/V films prepared using the standard ink 
formulation for N-SAD technique and measured using the protocol established in Chapter 2. For 
all histograms presented in this work, the bar widths were determined based on chi-squared tests 
for 95% confidence interval. The  ECA, SA and MA obtained by the N-SAD technique are 98 ± 
6 m2/gPt, 311 ± 37 µA/cm2Pt, 303 ± 33 mA/mgPt for Pt/HSC (n = 28), and 66 ± 4 m2/gPt, 548 ± 86 
µA/cm2Pt, 363 ± 63 mA/mgPt for Pt/V (n = 42), respectively. 
 
 
Figure 3.6 SEM and EDX mapping images for the peripheral ‘coffee ring’ area of a Pt/HSC 
catalyst layer on GC substrate fabricated using the N-RAD technique: (a) secondary electron 












Figure 3.7 SEM images for Pt/HSC catalyst layers formed on GC substrates with (1) N-SAD, (2) 
N-RAD, (3) NF-SAD and (4) NF-SIPAD techniques, as well as that for (5) Pt/V with NF-
SIPAD. (a), (b), and (c), correspond to low magnification image of the entire disk (x23–35), 
center (x50) and edge (x250) respectively. 
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Figure 3.8 Gaussian distributions for the SA of (a) Pt/HSC and (b) Pt/V catalyst layers fabricated 
using N-SAD, N-RAD, NF-SAD, NF-SIPAD techniques. Number of independent samples ‘n’, 
mean ‘?̅?’ and standard deviation ‘s’ for each of the distributions are as labeled. ORR activity 
measured in 0.1 M HClO4 under the following conditions: 1600 rpm, 20 mV/s, –0.01 to 1.0 V, 
anodic sweep. 
 
3.4.2.2 Nafion-Based Rotational Air Dry (N-RAD) Technique 
In order to suppress the coffee ring effect dominant in stationary drying methods, we applied a 
rotational drying technique originally introduced by Garsany et al.68 A series of ink formulations 
having varying formulation/aliquot volume/Pt loadings were systematically evaluated to arrive at 
an optimal ink formulation for the N-RAD technique expressible as Pt/C:water:IPA:Nafion = 7.6 
mg:7.6 mL:2.4 mL:40 µL (10 µL aliquot, 18 µgPt/cm2). The aliquot of ink is deposited on an 
inverted rotator shaft and dried in air at 23°C for 15 min. Based on a trial and error approach, we 
found rotation speeds in the range 500–800 rpm were ideal to obtain the best quality films. 
Figure 3.8 shows Gaussian distributions for the specific activity for Pt/HSC and Pt/V films 
prepared using the standard ink formulation for N-RAD technique measured using the protocol 
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established in Chapter 2. The ECA, SA and MA obtained using the N-RAD technique are 99 ± 5 
m2/gPt, 485 ± 50 µA/cm2Pt, 477 ± 42 mA/mgPt for Pt/HSC (n = 49), and 72 ± 3 m2/gPt, 670 ± 25 
µA/cm2Pt, 482 ± 24 mA/mgPt for Pt/V (n = 29), respectively. The N-RAD technique produces 
films with higher uniformity than N-SAD technique in the central region although a narrower 
coffee ring is still observed; it is also the most conducive technique for fabricating films with 
higher loadings/thicknesses (Fig. 3.7). 
3.4.3 Nafion-Free Catalyst Layers 
Our first attempt to alter the ink composition involved the elimination of Nafion 
ionomer mixed in the ink. Ionomer incorporation in the catalyst ink was hitherto thought to 
provide functions of a binder and enhance dispersion; our findings indicate that a binder was not 
essential for adhesion of the catalyst to the GC. Low loaded ionomer free catalyst (≤~18 
µgPt/cm2) was found to adhere with sufficient strength so that no flaking or loss of catalyst 
occurred during measurements. In fact, the catalyst layer exhibits as high initial ECA as that of 
Nafion-based catalyst layers coupled with a lower ECA loss than that of Nafion-based catalyst 
layers after a potential cycling durability tests under N2 atmosphere (30,000 cycles at 25°C, 
0.60–1.0 V, 500 mV/s, triangular wave, 0 rpm). Higher loadings or thicker non-uniform films 
flake off more easily due to the anticipated weaker inter-agglomerate bonding than that between 
Pt/C and GC. Although binding of catalyst to GC was not an issue, for Pt/HSC, the quality of the 
dispersion was severely diminished with the absence of ionomer; higher SA values were 
obtained sporadically but the standard deviation was substantial and discouraging. After 
substantial experimentation, harsher horn-sonication was introduced and a non-ionic surfactant, 
namely, Triton X-100 was added to obtain well-dispersed inks and uniform films on the GC.  An 
adverse effect of the surfactant was that the films tended to wash off when immersed in the 
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electrolyte and rotated during experiments. A systematic and significant dilution of surfactant led 
to an optimum (x10 dilution of Triton X-100 with water, 2.5 µL in 10 mL ink) where a good 
dispersion and well-adhered films were simultaneously achieved. 
3.4.2.1 Nafion-Free Stationary Air Dry (NF-SAD) Technique 
A series of ink formulations having varying formulation/aliquot volume/Pt loadings 
were systematically evaluated to arrive at an optimal ink formulation for the NF-SAD technique 
expressible as Pt/C:water:IPA:surfactant = 7.6 mg:6.5 mL:3.5 mL:2.5 µL (10 µL aliquot, 18 
µgPt/cm2). The aliquot of ink is pipetted onto the GC disk and the film dried in an oven at 40°C 
under air atmosphere. The film quality and uniformity using the NF-SAD technique can be seen 
in the SEMs (Fig. 3.7). The NF-SAD technique, despite the presence of a coffee ring, resulted in 
higher ORR SA by a factor of 1.9 compared to N-SAD films. The ECA, however, stayed 
invariant at ~100 m2/gPt. Figure 3.8 shows Gaussian distributions for the SA for Pt/HSC and Pt/V 
films prepared using the standard formulation for NF-SAD technique measured using the 
protocol established in Chapter 2. Unfortunately, for Pt/V, the introduction of surfactant 
produced a deleterious effect comparable to that produced by ionomer and activity improvement 
was not observable. It is plausible that although Triton X-100 is a non-ionic surfactant, 
unidentified adsorbates may be contributing to the poisoning of Pt sites on Pt/V. As a result, we 
reformulated the inks and eliminated the surfactant for Pt/V. The resulting surfactant and Nafion-
free Pt/V inks produced films with higher SA (x1.9) compared to that of N-SAD Pt/V. The ECA, 
SA and MA obtained by the surfactant-free NF-SAD technique are 98 ± 5 m2/gPt, 597 ± 45 
µA/cm2Pt, 586 ± 52 mA/mgPt for Pt/HSC (n = 34), and 63 ± 4 m2/gPt, 1050 ± 120 µA/cm2Pt, 661 




3.4.2.2 Nafion-Free Stationary IPA dry (NF-SIPAD) Technique 
Lastly, in our attempt to obtain the highest measurable activity, we refined and 
developed two stationary techniques that both produced thin films with greatly improved 
uniformity. A series of ink formulations having varying formulation/aliquot volume/Pt loadings 
were systematically evaluated to arrive at an optimal ink formulation for the NF-SIPAD 
technique expressible as Pt/C:water:IPA = 3.8 mg:7.6 mL:2.4 mL (5 µL aliquot, 4.5 µgPt/cm2). 
The aliquot of ink is pipetted onto the GC disk and the film dried in an oven at 40°C under IPA 
atmosphere.14,85 By employing an IPA atmosphere, the ink composition during the drying 
process gradually changes in a controlled fashion from water/IPA mixture to IPA over a duration 
of ~2 hours. Films prepared using the NF-SIPAD technique (Pt/HSC and Pt/V) are extremely 
thin and uniform in the central region with almost no coffee ring as observed in the SEM images 
(Fig. 3.7). Pt/V (carbon black, ~240 m2/g) inks, in general, form more uniformly distributed 
films than Pt/HSC (carbon black, 800 m2/g) most likely due to their lower carbon black surface 
area.  High quality SIPAD films are more difficult to obtain consistently since the elevated 
proportion of IPA in the ink results in a decreased surface tension which in turn causes the ink to 
spill outside the GC and re-deposit on the PTFE. A few such samples that had incomplete 
coverage with catalyst after drying were rejected based on visual inspection. An alternative 
technique that we employed in some cases is essentially a low loading variation of surfactant-
based NF-SAD technique. A series of ink formulations having varying formulation/aliquot 
volume/Pt loadings was evaluated to arrive at a standard for the second technique that can be 
expressed as Pt/C:water:IPA:10x-diluted-surfactant = 7.6 mg:7.6 mL:2.4 mL:2.5 µL (2.5 µL 
aliquot, 4.5 µgPt/cm2). The aliquot of ink is pipetted onto the GC disk and the film dried in an 
oven at 40°C under air atmosphere. Figure 3.8 shows Gaussian distributions for the SA for 
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Pt/HSC and Pt/V films prepared using the standard ink formulation for NF-SIPAD technique 
measured using the protocol established in Chapter 2. The ECA, SA and MA obtained using the 
NF-SIPAD technique are 101 ± 7 m2/gPt, 864 ± 56 µA/cm2Pt, 870 ± 91 mA/mgPt for Pt/HSC (n = 
44), and 63 ± 3 m2/gPt, 1120 ± 70 µA/cm2Pt, 706 ± 42 mA/mgPt for Pt/V (n = 20), respectively. 
An interesting artifact of the extremely high SA is that so-called ‘particle size effect’ (SA vs. 
particle size/ECA) exhibits a more shallow profile in 0.1 M HClO4 electrolytes for Nafion-free 
electrodes when superimposed on published values.45,46,83,89 
4.4.4 Consolidated Magnitudes of ECA, SA, MA and ilim 
The standard ECA measurement protocol (Chapter 2) stipulates measurement of CVs 
under N2 in the potential range 0.025–1.0 V at 20 mV/s followed by integration of the charge 
under the HUPD peaks to determine the ECA. We conducted CO stripping measurements on a 
limited number of samples to corroborate magnitude of the ECA and found the CO stripping 
charge was ~1.9–2.0 times the corresponding HUPD charge as expected.90 Regardless of the film 
fabrication technique and inclusion of ionomer, the magnitude of the ECA for catalyst layers 
remained remarkably unchanged within measurement error. Sources of error introduced in ECA 
measurements originate from weight measurements of catalyst, evaporation of IPA from the ink 
during horn sonication, pipetting accuracy, dissolution/detachment of extremely small Pt 
nanoparticles during sonication, as well as those associated with the selection of the inflection 
point in HUPD integration. A combined Gaussian distribution for samples evaluated using all 
techniques as well as sub-distributions for each technique are presented in Fig. 3.9. The 
combined average ECA for Pt/HSC for 155 samples fabricated using standard N-SAD, NF-SAD, 
N-RAD and NF-SIPAD techniques was 99 ± 6 m2/gPt, while corresponding values for Pt/V for 
111 samples was 67 ± 5 m2/gPt. A notable corollary of the observed technique-independent ECA 
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is that changes in measured MA (due to film quality) are solely the outcome of a concomitant 
change in measured SA. 
 
 
Figure 3.9 Gaussian distributions for the ECA of Pt/HSC and Pt/V catalyst layers on GC 
fabricated using N-SAD, NF-SAD, N-RAD and NF-SIPAD techniques. Gaussians representing 
the combined data (n =155 for Pt/HSC and n =111 for Pt/V) depicted by solid lines. 
 
Figure 3.10 concisely consolidates the ECA, SA, MA and ilim for Pt/HSC and Pt/V 
catalysts evaluated using different fabrication techniques and indisputably substantiates the 
enhancement in measured MA for uniform, thin films with a high degree of reproducibility. The 
measured SA for electrodes prepared by the NF-SIPAD techniques is 2.8 times higher for 
Pt/HSC and 2.0 times higher for Pt/V than the conventional stationary drying, N-SAD, technique 
commonly reported in the literature. The O2 diffusion limiting currents in RDE studies are 
recognized to be function of the rotation speed and the geometric area (poly-Pt) or coverage and 
distribution of catalyst over the geometric area (Pt/C). Additionally, a discrete Nafion film >0.2 
µm (for an O2 diffusion boundary layer in the electrolyte δd ~15 µm, 1600 rpm) present over the 
catalyst layer introduces an O2 diffusion resistance proportional to 1/if to attenuate the limiting 
current.13,14 The limiting currents for Pt/HSC and Pt/V catalyst layers show no discernible trend 
(Pt/HSC: 5.8 ± 0.2 mA/cm2, n = 155; Pt/V: 5.9 ± 0.1 mA/cm2, n = 111) or dependence on 
fabrication technique within the limits of error. The limiting currents for Pt/HSC and Pt/V are 
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comparable to that for a poly-Pt (6.06 ± 0.02 mA/cm2, n = 30) as well as a calculated values at 
1600 rpm (5.99 mA/cm2) using kinematic viscosity (1.009 x 10–2 cm2/s91), solubility (1.26 
mol/dm3 91) and diffusivity (1.90 x 10–5 cm2/s92). Lastly, we have tabulated ORR activity results 
(Table 3.1 and 3.2) from this work and pertinent literature15,45,49,66,67,82,83,89,93,94 exhaustively 




Figure 3.10 ECA, SA and MA at 0.9 V in 0.1 M HClO4 for (a) Pt/HSC, and (b) Pt/V catalyst 




3.5.1 Losses within the Catalyst Layer 
The film fabrication techniques described in the results section yield catalyst layers that exhibit a  
broad range of properties in terms of thickness and distribution of catalyst agglomerates and 
ionomer over the GC geometric area. As mentioned before, researchers have provided guidelines
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Table 3.1 Comparison of the ECA, SA and MA at 0.9 V vs. RHE in 0.1 M HClO4, 100 kPa O2, for 46 wt% Pt/HSC (TKK) catalyst 


















18 0.5 (mixed) Stationary, air 28 98 ± 6 23 20 −0.01→1.0 iRsoln, b.g. 311 ± 37 303 ± 33 This work 
12.7 0.3−0.8 (mixed) Stationary, air 2 80 60 20 0→1.0 b.g. 305
a 242a 83 
17.3 0.5 (mixed) Stationary, air 10 91 25 10 0.2→1.2 b.g. 292 266 49 
11.7 0.65 (mixed) Stationary, air ― 79 30 20 0.06 (30s)→1 b.g. 360 ± 70b 280b 15 
9.9 0.96 (cap) Stationary, air 3 96 25 10 0.1→1.1 iRsoln, b.g. 360 ± 20 340 ± 20 93 
14 1.4 (cap) Stationary, EtOH ― 71 25 10 0.05→1.2 none 310c 220c 94 
18 0.5 (mixed) Rotational, air 49 99 ± 5 23 20 −0.01→1.0 iRsoln, b.g. 485 ± 50 477 ± 42 This work 
20 0.9 (added to ink droplet) 
Rotational (w/ EG) 
→vaccum ― 84 25 25 0.05→1.1 iRsoln, b.g. 602 ± 75 507 ± 77 82 
3.91 1.9 (mixed) Stationary (3 nL/droplet), air ― 79 30 20 0.06 (30s)→1 b.g. 570 ± 30
b 450b 15 
18 0 Stationary, air 34 98 ± 5 23 20 −0.01→1.0 iRsoln, b.g. 597 ± 45 586 ± 52 This work 
4.5 0 Stationary, IPA 44 101 ± 7 23 20 −0.01→1.0 iRsoln, b.g. 864 ± 56 870 ± 91 This work 
14 0 Stationary, N2 stream > 8 74 r.t. 50 0.05→1.1 iRsoln, b.g. 490 374 45 
6.4−7.4 0 Stationary, air > 4 79 25 10 0.03→1.1 b.g. 355 ± 12 (560d) 280 ± 10 (460d) 89 
a: 1.15 times correction was applied for background subtraction based on the statement in Gasteiger et al.83 b: SA was extracted from 
Fig. 10 in Ke et al.15 and 1.12 times correction was applied to covert the extracted SA at 10 mV/s to that at 20 mV/s based on the 
statement in Ke et al.15 MA was calculated from the SA and ECA. c: SA and MA were extracted from Fig. 6 in Higuchi et al.94 d: SA 
when iRsoln correction is applied assuming the correction factor (1.57) reported for the same catalyst and measurement protocol in Kim 
et al.93 by the same group as Sheng et al.89 EtOH: ethanol. EG: ethylene glycol. ‘cap’: Nafion is deposited after drying catalyst on 
GCs. ‘mixed’: Nafion is incorporated in catalyst ink and sonicated. ‘added to ink droplet’: Nafion solution is added to an aliquot of 





Table 3.2 Comparison of the ECA, SA and MA at 0.9 V vs. RHE in 0.1 M HClO4, 100 kPa O2, for 46 wt% Pt/Vulcan (TKK) catalyst 
layers fabricated in-home (N-SAD, N-RAD, NF-SAD, NF-SIPAD) with literature. 
 
Manufacturer Pt wt% LPt (µgPt/cm2) 
















TKK 46.4 18 0.5 Stationary, air 42 66 ± 4 23 20 −0.01→1.0 548 ± 86 363 ± 63 This work 
TKK 46.4 18 0.5 Rotational, air 29 72 ± 3 23 20 −0.01→1.0 670 ± 25 482 ± 24 This work 
TKK 46.4 18 0 Stationary, air 20 63 ± 4 23 20 −0.01→1.0 1050 ± 120 661 ± 78 This work 
TKK 46.4 4.5 0 Stationary, IPA 20 63 ± 3 23 20 −0.01→1.0 1120 ± 70 706 ± 42 This work 
E-TEK 19.7 20 0.5 Rotational, air 7 63 ± 2 30 20 0.05→1.03 746 ± 26 470 ± 27 67 
JM 40 20 0.5 Rotational, air 5 49 ± 1 30 20 0.05→1.03 725 ± 26 359 ± 14 66 
JM 40 20 0.5 Rotational, air 5 48 ± 2 30 20 0.05→1.03 696 ± 27 332 ± 26 66 
IP 46.6 20 0.5 Rotational, air 5 80 ± 1 30 20 0.05→1.03 527 ± 35 414 ± 27 66 
IP 46.6 20 0.5 Rotational, air 5 83 ± 2 30 20 0.05→1.03 460 ± 34 386 ± 27 66 
 JM: Johnson Matthey, IP: Ion Power. All data are corrected for background current and iRsoln. Nafion ionomer is mixed in ink 
dispersion and sonicated for the samples with I/C 0.5. 
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restricting the allowable thickness of the Nafion cap (δf <0.2 µm for δd ~15 µm at 1600 rpm) to 
prevent suppression of O2 diffusion limiting currents. It has been implicitly assumed in past 
studies that the catalyst layer is fairly uniform and losses solely ‘outside the catalyst layer’ have 
been identified and corrected. Specifically, corrections have been conventionally applied to 
account for O2 diffusion in bulk electrolyte, background correction, and solution resistance while 
losses ‘within the catalyst layer’ have been generally overlooked. It should be strikingly evident 
from our results that achieving predicted diffusion limiting currents is a necessary but not 
sufficient condition for a loss-free kinetic measurement. In the light of these results, we propose 
that prior assumptions are not valid, in that, both the incorporation of Nafion ionomer and the 
effective film thickness can significantly depress the measured ORR activity. Accordingly, 
losses ‘within the catalyst layer’ must be scrutinized and quantified in relation to film quality to 
obtain a true measure of catalyst activity. It is worth pointing out that MEAs of PEMFCs are 
routinely and systematically investigated and analyzed to account for over-potential losses in the 
cathode catalyst layer; analogous investigations have not been implemented for TF-RDE catalyst 
layers (except for the flooded macro homogeneous model4 and flooded agglomerate model42 to 
simulate O2 diffusion). Prior to embarking on a detailed analysis to identify, resolve and separate 
loss contributions ‘within the catalyst layer’, we attempt a qualitative assessment of the 
symptoms of losses from ORR I-V curve profiles. We also identify the parameters that can be 
obtained from using EIS as a diagnostic tool to conduct extensive studies on the break-down of 
losses in the following sections. 
3.5.2 ORR I-V Tafel Plots 
Typical bulk poly-Pt disks having roughness factors ~1.2–1.4 may be postulated to 
physically approximate films approaching zero thickness; the applicability of this treatment 
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becomes evident when Tafel plots (and inset I-Vs) for bulk poly-Pt are compared with 
representative profiles for catalyst layers fabricated by the different techniques and having finite 
thicknesses and non-uniformity as depicted in Fig. 3.11. ORR I-V profiles for poly-Pt approach 
ideal behavior with respect to Tafel slopes and the sharp transition from mixed kinetic/diffusion 
regime to O2 diffusion limiting currents. The Tafel slope for the ultra-thin uniform film 
fabricated using the NF-SIPAD technique closely follows poly-Pt in the kinetic regime with a 
minor departure that is barely detectable in the transition regime to the limiting current (Fig. 3.11 
inset). It would be a reasonable interpretation that ultra-thin films fabricated by NF-SIPAD 
technique allow us to extract a true measure of the kinetic current at lower current densities 
where ORR activity values are reported. In contrast, for the N-SAD technique, a significant 
divergence from poly-Pt profile is observable and thus demands detailed investigation and 
analysis of losses. The deeper meaning and fundamental implications of the magnitude of (single 
and double) Tafel slopes for bulk poly-Pt and Pt/C have been extensively debated over decades 
and continue to be a contentious subject; for the purposes of this work, we have confined 
ourselves to a qualitative analysis. It should also be apparent that the absolute magnitude Tafel 
slopes have fundamental significance only after corrections have been made for losses ‘within 
the catalyst layer’. 
3.5.3 Electrochemical Impedance Spectroscopy (EIS) 
A majority of researchers have applied EIS to bulk smooth metal surfaces and TF-RDEs with the 
primary goal of understanding fundamental ORR kinetic parameters and the double layer 
capacitance.42,48,81,95–103 Attempts to study kinetics have generally been hampered by difficulties 
in de-convoluting overlapping time constants of kinetics from O2 diffusion. Two notable studies 




Figure 3.11 ORR Tafel plots of poly-Pt and Pt/HSC catalyst layers fabricated using N-SAD, NF-
SAD, N-RAD and NF-SIPAD techniques. ORR activity measured in 0.1 M HClO4 under the 
following conditions: 1600 rpm, 20 mV/s, –0.01 to 1.0 V, anodic sweep. 
 
on H+ resistance within the RDE catalyst layer for relatively high loadings while the work of 
Perez et al.42 coupled experiments with modeling in an attempt to separate kinetics from O2 
diffusion. 
EIS has been routinely used in PEMFCs to extract values of the combined contact 
(𝑅e–,contact), GDL resistance (𝑅e–,GDL) and membrane ionic resistance (𝑅H+ ,mem) from the high 
frequency intercept (HFR @1k–10k Hz) of Nyquist or complex impedance plots (Z’ vs. Z”). 
Since the HFR does not include 𝑅H+ ,cl that manifests as a resistance in parallel with the 
distributed double layer capacitance across the thickness (~10 µm), a wider frequency spectrum 
(~0.01 Hz–10 kHz) often under N2 (and occasionally under air or O2) is also carried out.105,106 In 
PEMFCs, catalyst layers are constituted of Pt, carbon black, and a thin film (2–3 nm) of ionomer 
that covers the carbon black and Pt nanoparticles;107 in contrast, the thin ionomer film that covers 
Pt/C is soaked in acid and the pores are completely flooded in TF-RDE (Fig. 3.12b). Carbon 
black and Pt provide e– and the ionomer/acid provide H+ pathways; the catalyst is in parallel with 
the distributed double layer capacitance (Cdl) over the thickness of the layer. This catalyst layer 
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can be represented by a uniform RC ‘transmission line’ equivalent electrical circuit with 
additional parallel complex impedance elements to simulate kinetics and mass transport faradaic 
processes (under O2, air), when necessary, as shown in Fig. 3.12. It turns out that the exact 
solution to the Warburg equation originally intended to model semi-infinite oscillating diffusion 
can also be applied to the very different phenomenon of capacitive charging of a porous catalyst 
layer (no diffusion since concentration of the electrolyte/ionomer is invariant). Thus, the catalyst 
layer resistance can be modeled with either an RC transmission line circuit or by the so-called 
‘blocked boundary finite-length’ Warburg impedance. In Fig. 3.12c, we have constructed a 
Nyquist plot corresponding to the equivalent circuit (Fig. 3.12b) over the entire frequency regime 
for carefully selected parameters. At very high frequencies (>1k Hz), only the external surface of 
the catalyst layer is penetrated since the pores are not able to respond to the modulation of the 
AC perturbation, giving us a real intercept (HFR): 
 
HFR = Rsoln + Rcombined       (3.1) 
 











       (3.2) 
 
Eq. 3.1 can be reduced to Rsoln when Re–,cl  is negligible.
108 The distributed Cdl and RH+ ,cl i.e., the 
transmission line responds (45° segment) at increasing penetration depths to lower frequencies  
eventually terminating as a pure blocking capacitor in the absence of O2. The RH+ ,cl can be 
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) of the Nyquist plot. As the frequency 
is lowered further (<30 Hz), under O2, the Nyquist plot exhibits features that resemble a 
semicircle/tilted semicircle due to overlapping kinetics/O2 diffusion time constants (grey broken 
lines). For the limiting case of high potentials/low currents, charge transfer resistance (Rct) 
dominates the response while at low potentials/high currents; O2 diffusion resistance (RO2_diff) 
plays a dominant role. However, significant contribution from bulk diffusion persists even at 0.9 
V making it extremely difficult to separate kinetics from O2 diffusion as discussed later. Our 
results on EIS are restricted primarily to inert atmospheres as we encounter overlapping time 
constants associated with oxide coverage on Pt, trace impurities in electrolyte, O2 diffusion in 
conjunction with a time dependent response resulting in unresolved complexities arising in our 
analyses. In the forthcoming sections we determine not only the Rsoln and 𝑅H+ ,cl but also estimate 
the catalyst layer effective thickness for non-uniform films, ionomer distribution within the layer 
and double layer capacitance. 
3.5.4 Breakdown of Losses within the Catalyst Layer 
To identify and de-convolute the losses in the catalyst layer, distinguish mechanisms, 
and account for the varying magnitude of the measured electrochemical activity, we employ 
electrochemical diagnostic including CVs (HUPD region, double layer region and oxide formation 
onset), Tafel plots, K-L plots, limiting currents, and EIS. Experimentally, we extended our study 
of the physical properties of the catalyst layers by systematically varying controllable parameters 
such as catalyst loading, ionomer/C ratio, etc., to corroborate our hypotheses with supporting 
data. The non-uniform nature of the catalyst layers examined under SEM and correlated to EIS 
allows us to estimate an effective thickness. Since for our catalyst layers, the ECA is insensitive 
(all sites have access to H+ and e–) to film quality (Fig. 3.9), it simplifies our analysis to a 
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Figure 3.12 (a) Equivalent electric circuit of transmission line model for TF-RDE that describes 
the general case of solution resistance (Rsoln), uniformly distributed capacitance per unit length 
(dCdl), the reaction/diffusion related impedance (dZ) (grey) as well as protonic resistance 
(dR
H+ ,cl
) and electronic resistance (dRe-,cl), representing the impedances in the catalyst layer, and 
electronic contact resistance (Re–,contact). (b) Schematic of catalyst layer on a GC disk depicting 
the reactant gas, proton and electron pathways. (c) Nyquist plot that describes curves under N2 
and O2; real part of the 45o response corresponds to effective protonic resistance (RH+ ,cl-eff) when 
Re-,cl is negligibly small. 
 
significant extent as it can be confined to probing the changes in SA. 
3.5.4.1 Catalyst Layer Electronic Resistance (Re–,cl) 
Since the electronic conductivity of carbon black is extremely high (10’s of S/cm109), it 
has been conventionally assumed that the contribution of electronic resistances in the 10 µm 
cathode catalyst layers of PEMFCs is inconsequential. The nanometer dimensioned ionomer film 
presumed to cover most of the carbon black and Pt has not been considered to be an impediment 
to electron transport. It is possible however, in the limit, an extremely thick ionomer film would 
mask or electronically isolate some Pt sites or agglomerates rendering them unavailable for the 
HUPD reaction with attendant losses in the ECA. We conducted RDE experiments using inks 
having various I/C ratios in the range 0–30; a precipitous loss in the ECA was observed (not 
shown) only at excessive I/C ratios ~30, with 80% loss for N-SAD and 60% loss for N-RAD 
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techniques; no noticeable losses were observable at lower ionomer contents within experimental 
error. If electronic resistances in the catalyst layer were comparable to the ionomer resistance, 
they would manifest at the high frequency real intercept of the Nyquist plot.108 Figure 3.13 
depicts EIS spectra for poly-Pt at 0.1 V and Pt/C at 0.1, 0.45 and 0.9 V; impedance attributable 
to electronic resistance was not detected at high frequencies after accounting for the solution 
resistance. The spectra were indistinguishable when repeated (x3) after the electrolyte solution 
was replaced. The lack of dependence with potential suggests that oxide formation on Pt has an 
imperceptible effect on Re–,cl, and we do not anticipate appreciable electronic resistances in the 




Figure 3.13 Nyquist plots of impedance spectra (3 repeats) measured under N2 for poly-Pt and 
Pt/HSC catalyst layer (18 µgPt/cm2) fabricated using N-SAD technique. 0.1 M HClO4 
electrolytes from a single source were employed for all experiments. 
 
3.5.4.2 Catalyst Layer Protonic Resistance (RH+,cl) 
The catalyst layer on the RDE GC is composed of  Pt/C covered with a discontinuous 
Nafion film soaked in 0.1 M HClO4 with a porous structure that is completely flooded with acid 
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electrolyte. Hinged on the underlying premise that the RDE catalyst layers are extremely thin, 
the associated resistance has been seldom studied comprehensively. In practice, the catalyst 
layers can range in thickness from ~0.2–6 μm (4.5 to 18 µgPt/cm2) over the geometric area 
especially for non-uniform films having a ‘coffee ring’ structure. Using exclusively the N-RAD 
technique that is suitable for fabricating films over a wide range of thickness, we conducted an 
extensive study of the loading/thickness (Fig. 3.14a) to identify the sources of the losses within 
the catalyst layer. The limiting current and ECA are fairly constant over the range of catalyst 
loadings (0–150 µgPt/cm2) albeit a small drop in limiting current noticeable at very low loadings 
is ascribable to incomplete coverage of the GC with catalyst.  The SA stays relatively flat until a 
loading of 50 µgPt/cm2 is reached, at which point a downward trend emerges. EIS spectra 
corresponding to the data shown in Fig. 3.14a are presented in Fig. 3.14b as a Nyquist plot with 
an inset depicting the non-linear trend of analyzed catalyst layer resistance as a function of 
loading. The extracted values of effective catalyst layer protonic resistance (R
H+ ,cl-eff
) fall in the 
range ~0.4–1.6 Ω·cm2 for loadings ~4.5–144 µgPt/cm2 in 0.1 M HClO4. The response of the 
catalyst layer to reactant gas and potential is informative and detailed in Fig. 3.14c. The protonic 
resistance extracted from the high frequency 45° segment of the spectra (5k Hz–5 Hz at 0.1 V, 
5k Hz–30 Hz at ≥ 0.45 V) is found to be independent of both reactant and potential. Under N2 at 
low frequencies, a purely capacitive response is observable at low reducing potentials (0.1–0.45 
V) corresponding with an oxide-free Pt surface. As the potentials are raised (0.45–0.9 V), the 
response of the oxide covered Pt manifests as a tilted semi-circular arc that represents the 
emergence of a time constant related to adsorption/desorption processes that have not been taken 
into account in this work. Lastly, under O2 at potentials >0.6 V and low frequencies (<30 Hz), 
overlapping time constants associated with slower ORR kinetics and O2 diffusion appear. Thus, 
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the catalyst layer resistance can be obtained from EIS spectra at any potential although we 
advocate the use of reducing potentials under N2 for facile extraction of RH+ ,cl-eff. The effective 
protonic conductivity of the catalyst layer is anticipated to be dominated by the conductivity of 
0.1 M HClO4 since the ionomer (nm thickness110–112) is soaked in it.73 Since RH+ ,cl-eff is directly 
proportional to the acid conductivity (hence acid molarity) it confirms our interpretation that the 
real intercept of the Nyquist plot does indeed provide a measure of the catalyst layer resistance. 
Likewise, R
H+ ,cl-eff
 was to be almost identical in both perchloric and sulfuric acids in the range 
0.004–0.5 M (not shown). It is worth noting that a pure ORR kinetic response emerges around 
~30–2 Hz but significant overlap with O2 diffusion at lower frequencies renders it difficult to de-
convolute the individual components. Prolonged oxide growth and impurity adsorption from 
electrolyte interferes with our ability to carry out constant current steady-state measurements 
(constant iRsoln loss and O2 flux from the bulk) as they are accompanied by a low frequency time 
constant that broadens with time. 
3.5.4.2.1 MEA vs. RDE Catalyst Layer Resistance (RH+,cl) 
In MEAs of PEMFCs, the cathode catalyst layer resistance falls in the range ~0.015–0.06 Ω·cm2 
at 122% RH for I/C in the range 0.5–1.2 (25–35% ionomer volume fraction).113 These areal 
resistance values can be normalized for catalyst layer thickness to obtain resistivity and 
conductivity values in the range 140–30 Ω·cm or 0.007–0.033 S/cm (tortuosity factor: τ = 4–2) 
to enable a comparison with RDE catalyst layers. Table 4.3 summarizes the bulk protonic 
conductivity, catalyst layer tortuosity conductivities and factors extracted from the 
literature105,114,115 and this work for over-humidified Nafion membrane and perchloric acid. Since 
it is only necessary for the Pt and carbon surfaces to be covered with ionomer (I/C = 0.8; 





Figure 3.14 Dependence of (a) the ECA, SA at 0.9 V, ilim and (b) catalyst layer resistance on Pt 
loading.  (c) Nyquist plot showing convergence of N2 and O2 data at higher frequencies. All 
ORR and EIS measurements conducted in 0.1 M HClO4 for Pt/HSC catalyst films (N-RAD 
technique for (a) and (b), N-SAD technique for (c), I/C 0.5). 
 
conductivity,113 an impartial comparison to RDE conductivities is equivalent to a ‘film’ (εi = 0.3) 
of perchloric acid on the Pt and C surface. Alternatively, one can also compare conductivities for 
the actual scenario of the entire RDE catalyst layer pore volume (70%) flooded with perchloric 
acid.  The tortuosity factor which is the ratio of measured to expected conductivity (σbulk x εi) and 
independent of thickness and bulk conductivity falls in the range τ = 8–18 depending on the 
above-mentioned assumptions. Table 3.3 includes a set of literature values for experiments 
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conducted on a porous Pt film immersed in 2 M H2SO4 with τ = 17 that is in agreement with our 
results.115 The magnitude of τ in our work and Elliott et al.115 are a factor of 4–9 higher than in 
MEAs. Without additional fundamental experiments, we are unable to offer a more in-depth 
rationalization of the surprisingly high catalyst layer resistance and τ in RDE, however possible 
contributions to rationalize the discrepancy include: Pt particles embedded deep within the pores 
having narrow passages with higher proton transport, electrolyte temperature, errors introduced 
in analysis of catalyst layer resistance due to adsorption effects,97,99,103 other differences in 
catalyst layer structure between MEAs and RDE films such as non-uniform film thickness in 
RDE films, etc. The typical R
H+ ,cl-eff
 for catalyst layers produced by the four different techniques 
ranges from ~0.1 Ω·cm2 to ~1.5 Ω·cm2 (RN-SAD > RN-RAD ≈ RNF-SAD > RNF-SIPAD). Although the 
protonic resistance is appreciable, since the raw currents drawn are fairly small (1.7–3 mA/cm2) 
the concomitant mV loss (iR
H+ ,cl-eff
) is low. The iR
H+ ,cl-eff
 for N-SAD, N-RAD, NF-SAD and 
NF-SIPAD techniques at 0.9 V is 2.3 mV, 3 mV, 1.5 mV and 0.2 mV, respectively (for the 
samples reported in Fig. 3.11). These can be compared to R
H+ ,cl-eff
 values of about 50 mΩ·cm2 
and iR
H+ ,cl-eff
 values of 5 mV at 0.9 V in MEAs of PEMFCs at 0.1 A/cm2. 
3.5.4.2.2 Double Layer Capacitance, and Ionomer Distribution 
Impedance spectra may be re-plotted (Fig. 3.15) with capacitance on the y-axis (inset 
Fig. 3.15) to reveal features that might be otherwise overlooked.106 Catalyst layers having 
different degrees of non-uniformity exhibit limiting (total) capacitances in the double layer 
region that fall in a narrow range ~120–140 F/g. The capacitance axis reflects catalyst volume 
per unit mass, therefore a larger real impedance for a given capacitance signifies a longer 
protonic path and hence a less uniform catalyst layer. The blue curve corresponding to the most 
non-uniform ‘coffee ring’ films prepared using conventional N-SAD technique can be observed 
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Table 3.3 Bulk protonic conductivity, catalyst layer conductivities and tortuosity factors 















(=σ H+,cl/(σbulk x εi )) 
Ref. 
Nafion membranea 1  0.17     105 Nafion in MEA CLb 0.31 13.5  0.053 0.046 0.029 2 105 0.1 M HClO4 1  0.035     114 0.1 M HClO4 in RDE CL 0.7c 20e  0.025 1.4 0.0014 18 This work 0.1 M HClO4 in RDE CL 0.3d  0.011 8 This work 2 M H2SO4 1  0.5     115 2 M H2SO4 in porous Pt film 0.23 1.6  0.11 0.025 0.0064 17 115 a: NRE211 (EW 1050) at 80°C 100% RH, σbulk was calculated from Fig. 5 in Liu et al.105 b: 
DE2021 (EW 1050) I/C 1 at 80°C 122% RH, tcl and σH+,cl were calculated from 28 
µm/(mgC/cm2) and extracted resistivity in Fig. 6 of Liu et al.105, εi was extracted from Fig. 9 in 
Liu et al.105 c: pore volume fraction obtained from actual catalyst layer thickness (Nafion volume 
fraction is not considered). d: the value is chosen based on I/C 1 in MEA CL assuming more than 
the volume equivalent to I/C 1 does not effectively contribute to proton conduction as shown in 
Liu et al.105 e: the thickness corresponds to that of coffee ring structure formed on GC peripheral 
where ~70% of the catalyst is located. 
 
to be displaced markedly from the other spectra.  This interpretation is further corroborated by 
SEM images of the catalyst layers (Fig. 3.16). The total capacitance in the double layer region 
(Ctotal-dl) can alternatively be extracted from the double layer region of CVs using conventional 
analysis. Assuming the specific capacitance of carbon black ~10 µF/cm2,12,116–120 BET surface 
area of Ketjen black ~800 m2/g and measured values of ECA from HUPD charge, one can 
calculate the Pt specific capacitance. In 0.1 M HClO4 (OH adsorption in the CV double layer 
region disregarded), the Pt specific capacitance was estimated to be ~110 µF/cm2Pt from CVs 
(~80–130 µF/cm2Pt115,121,122) and 35–61 µF/cm2Pt from capacitance plots (~50 µF/cm2Pt99). The 
discrepancy of a factor of ~2 between Ctotal-dl values obtained from CVs and EIS is well 
recognized but has not been resolved. It raises questions that can be addressed with fundamental 
research and is beyond the scope of this work. Reasonable agreement of Ctotal-dl values in our 





Figure 3.15 Nyquist plots with inset presenting the data as a capacitance plot conducted in N2 
saturated 0.1 M HClO4 at 0.45 V for poly-Pt and Pt/HSC catalyst layers fabricated using N-SAD, 
N-RAD, NF-SAD, NF-SIPAD techniques. 
 
3.5.4.2.3 Effective Catalyst Layer Thickness Estimate 
To de-convolute the losses within the catalyst layer, it is necessary to have the ability to fabricate 
a series of films having known thicknesses. Despite our success in being able to fabricate thin 
reproducible films using the NF-SIPAD approach, it is ill-suited for generating a series of 
uniform films having progressively increasing thickness due to weak inter-agglomerate adhesion. 
However, at the least, an estimate of the ‘effective thickness’ of the catalyst layers is 
indispensable; Figure 3.17a is a schematic representation of the procedure used to estimate the 
effective thickness on uniform and non-uniform catalyst layers. It should be pointed out that 
~70% of the catalyst is located at the coffee ring band for films fabricated by the N-SAD 
technique in contrast to negligible amounts for NF-SIPAD films. The effective thickness was 
calculated from thickness and the vol% of its thickness (vol% weighted thickness) to account for 
longer diffusion paths in non-uniform films. Figure 3.16 depicts SEM images of tilted catalyst 
layer samples used to parameters used to estimate the effective thickness. Non-uniform films 







Figure 3.16 Catalyst layer thickness estimation from tilted sample SEM images: Pt/HSC (1) N-
SAD, (2) N-RAD, (3) NF-IPAD, (4) Pt/V NF-SIPAD, (a) entire area, (b) edge area, (c) near edge 
area. Catalyst removed over a narrow band (horizontal arrows) to facilitate observation and 
analysis of catalyst layer thickness for each local area. 
 
has a relatively constant thickness; the effective thickness was determined from dimensions of 
these two areas. Although our estimation process of estimation involves approximations, the 
resultant porosity of the catalyst layers (65–75%), calculated from the total volume of the 






























closely with that reported in literature for MEAs of PEMFCs.105,110 Figure 3.17b shows a 





Figure 3.17 (a) Schematic representation of vol% weighted effective catalyst layer thickness 
estimation procedure for uniform and non-uniform catalyst films. (b) effective (vol% weighted) 
estimated from SEM images vs. catalyst layer effective protonic resistance for Pt/HSC and Pt/V. 
 
3.5.4.3 Oxygen Diffusion Losses 
After accounting for the cumulative corrections for losses outside the catalyst layer as 
well as some of the losses within the catalyst layer (iR
H+ ,cl-eff
, iRe–,cl ), any residual deviation 
from expected ORR kinetics may be ascribed to a combination of O2 diffusion and ionomer-
related losses. Despite difficulties to obtain a series of uniform films having controlled 
thicknesses, we had success in fabricating reasonably uniform films of Nafion-free Pt/V (NF-
SIPAD) in a narrow loading and thickness range of 4.5–36 µgPt/cm2. Figure 3.18a depicts the 
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effect of catalyst layer thickness on the measured SA (400 rpm) as a function of catalyst loading. 
At 0.9 V, the SA for 4.5 µgPt/cm2 Pt/V layers is independent of the rotation rate (Fig. 3.18b) 
coupled with an I-V profile that approaches poly-Pt (~zero film thickness); the O2 diffusion 
losses can be safely disregarded at 0.9 V allowing us to draw the conclusion that thin uniform 
films fabricated by the NF-SIPAD technique provides a true measure of the ORR kinetics. 
However, at lower potentials as well as increased catalyst loadings, the I-V profiles diverge 
exhibiting higher Tafel slopes indicating O2 diffusion losses for catalyst layers free of ionomer. 
This trend is in qualitative agreement with the work of Ke et al.15 who examined the ORR 
activity change with thickness (3.91–70.4 µgPt/cm2); however their catalyst layers incorporated 
ionomer (I/C 1.9–0.11) and consequently diffusion and ionomer effects were not separable. 
 
 
Figure 3.18 (a) ORR I-V curves at 400 rpm and (b) SA at 0.9 V as a function of rotation rate in 
0.1 M HClO4 for poly-Pt and Pt/V catalyst layers fabricated using NF-SIPAD (4.5 µgPt/cm2) and 
NF-RAD (18 and 36 µgPt/cm2). 
 
K-L slopes can be used to extract the electron number that characterizes the ORR 
mechanism. It should be noted that the permeability of O2 (D, C) is presumed to be constant to 
obtain the magnitude of the electron number. In the limiting current region, the measured 
electron number is independent of the thickness and uniformity of the catalyst layer since all 
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reaction occurs at the interface with the bulk electrolyte and is typically (and in this work) found 
to be ne = 4.46,73,87,123,124 At higher potentials (mixed kinetics/diffusion regime), the ORR likely 
occurs over the entire thickness of the film.  Our analysis resulted in a value of ne = ~2 for thick 
non-uniform films and ne = ~4 for thin uniform films at potentials >0.9 V. Based on literature 
reports as well as our work on poly-Pt, the reaction mechanism and associated electron number is 
not potential dependent.73,125 Therefore, we can attribute the decrease in electron number in thick 
non-uniform film to O2 diffusion within the catalyst layer as also concluded by Gojković et al.12 
In another attempt to separate anion adsorption effects from O2 diffusion, we studied catalyst 
layers fabricated by the four techniques for ORR activity in 0.1 M and 0.5 M H2SO4. (Bi)sulfate 
anions are known to adsorb onto Pt surfaces more strongly than sulfonate anions from Nafion 
ionomer. The absolute magnitudes of activity are steeply lower in H2SO4, viz.,~20% in 0.1 M 
H2SO4 and ~10% in 0.5 M H2SO4 compared to 0.1 M HClO4, but the offset in SA (~40% 
decrease from NF-SIPAD to N-SAD) is identical in both systems. These results provide 
corroborating evidence that O2 diffusion within catalyst layer is significant in non-uniform 
catalyst films independent of ionomer/anion adsorption effects. 
3.5.4.4 Ionomer-Related Losses 
Prior to conducting a detailed investigation on the deleterious effect of ionomer on the 
ORR activity of Pt/C, we verified and reproduced the results presented in literature for the 
simpler poly-Pt system. The electrochemically conditioned poly-Pt was either capped directly 
with ionomer or after pre-soaking in a KBr solution to produce similar results. Figure 3.19a 
captures the effects ascribable to the ionomer on CVs under N2 and Fig. 3.19b on ORR I-V 
curves. A negative shift in the onset of HUPD current and new peaks that manifest at 0.15 and 
0.18 V are observed in Fig. 3.19a in close qualitative agreement with literature;70,74,122,126 The 
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differences probably stem from a number of artifacts including the cleaning process of the poly-
Pt surface, viz., electrochemical cleaning/inductive heating, type of Nafion ionomer, solvent used 
to dilute the ionomer, thickness of the ionomer film and its heat treatment. The HUPD area 
decreased (by 2%) for Nafion capped surfaces accompanied by precipitous ORR activity losses 
(~60% at 0.9 V) (Fig. 3.19b) and negligible changes in O2 diffusion limiting currents. 
 
  
Figure 3.19 (a) CVs under N2 and (b) ORR I-V curves in 0.1 M HClO4 at 20 mV/s for poly-Pt 
with and without Nafion cap. ORR I-V curves measured under the following conditions: 1600 
rpm, –0.01 to 1.0 V, anodic sweep. 
 
Comparable RDE results on supported Pt/C catalysts commonly used in practical 
PEMFCs have not been reported in the literature.  Figure 3.20 illustrates the variation of SA of 
Pt/HSC as a function of R
H+ ,cl-eff
/effective thickness extracted from EIS studies. Although there 
is scatter in the data due to limitations in obtaining R
H+ ,cl-eff
 accurately from EIS, the green band 
associated with Nafion-based catalyst layers exhibit ORR activities that are lower by ~200 
µA/cm2 on average compared to Nafion-free layers (blue band). The O2 permeability of Nafion 
soaked in 0.1 M H2SO4 has been reported to be 60% of that in 0.1 M H2SO4 and one would 
expect a similar decrease in 0.1 M HClO4.73 However, since the O2 diffusion limiting currents 
are unaltered from Nafion incorporation (Fig. 3.10), changes in permeability cannot be used to 
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rationalize the losses in measured ORR activity. A more likely candidate is sulfonate anion 
adsorption/polymer blocking phenomenon. In order to examine this possibility, we sifted through 
hundreds of CVs under N2 of Nafion-based (ionomer mixed/sonicated with catalyst) samples for 
clear signs of a positive shift in the onset of oxide formation. We observed a mild positive shift 
in the onset of oxides only for a few samples, especially those with a high I/C ratio. The mild 
shift might simply be an indication of the low sensitivity of the CV for Pt/C to anion adsorption; 
it may also hint at a phenomenon where both the sulfonate anion as well as polymer backbone 
can block reaction sites. 
 
 
Figure 3.20 SA at 0.9 V vs. effective protonic resistance of Pt/HSC catalyst layers plotted as a 
function of I/C ratio (67 data points). 
 
We pursued this matter further by depositing the ionomer as a cap over the catalyst 
layer (NF-SIPAD technique) in a manner used extensively in the literature.11,14 These Nafion-
capped catalyst layers lacked a clear anion adsorption features in CVs (inset of Fig. 3.21a) not 
unlike the Nafion-based layers. However, an incremental activity loss with increasing I/C ratios 
(~30% loss at 0.9 V, I/C 3.0) is observable as shown in Fig. 3.21a and 3.21b. Based on the 
parallel shift of the Tafel, the losses may be reasonably interpreted as being caused by an 
118 
 
adsorption/site blocking phenomena rather than O2 diffusion or permeability. We note that these 
losses due to sulfonate anion adsorption cannot be distinguished in our studies from site blocking 
by side chain –CF3/PTFE backbone.71,75–77,122,127,128 Additional fundamental research on the 
adsorption of sulfonate anions and site blocking by side chain –CF3/PTFE backbone in the 
Nafion ionomer is required to fully understand the mechanism and is underway in our labs. 
 
   
Figure 3.21 (a) Influence of I/C (Nafion cap, NF-SIPAD technique) on ORR I-V curves and CV 
profiles (inset) in 0.1 M HClO4, (b) ECA and SA at 0.9 V for Pt/HSC catalyst layers. 
 
3.5.4.5 Consolidation of Losses 
The loss contributions attributed to various phenomena within the catalyst layer that 
have been analyzed and discussed above can now be consolidated to present an integrated and 
succinct graphical summary. Prior to this analysis, all data were corrected for losses incurred 
‘outside the catalyst layer’ related to the solution resistance, K-L, and b.g. current corrections.  
Figure 3.22 elucidates the breakdown of losses for identical samples as shown in Fig. 3.11 
associated with the measured kinetic currents (grey), losses associated with the catalyst layer 
resistance (orange), ionomer adsorption/blocking related losses (green) and O2 diffusion (blue) 
for each of the four film fabrication techniques at a fixed potential of interest viz., 0.9 V. In all 
cases, the effective catalyst layer resistance (R
H+ ,cl-eff
) was extracted directly from the EIS 
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measurements and used to correct the loss due to the ohmic drop. Although the magnitude of the 
catalyst layer resistance is large, the currents in RDE studies especially at 0.9 V are low, 
resulting in a non-negligible finite loss (orange bars) due to iR
H+ ,cl-eff
 at 0.9 V. 
 
 
Figure 3.22 Breakdown of SA losses at 0.9 V for Pt/HSC catalyst layers fabricated using N-
SAD, N-RAD, NF-SAD, NF-SIPAD techniques. N-RAD and NF-SAD catalyst layers had 
identical thickness and N-SAD and N-RAD layers had identical I/C ratio. 
 
The NF-SIPAD technique produces the thinnest and most uniform catalyst layers and 
results in the highest kinetic currents (Pt/HSC) that have been reported; consequently, the ORR 
I-V profiles closely resemble that of poly-Pt and the loss due to iR
H+ ,cl-eff
 at 0.9 V is negligible. 
We also conducted limited experiments using an automated nano-liter ink deposition system 
identical to that used by Ke et al.15 to fabricate extremely thin and highly uniform films. The SA 
obtained using NF-SIPAD technique was comparable to that obtained with the automated 
system. Thus, for the purposes of this discussion, we assume that these films are free from 
contributions arising from O2 diffusion as well as anion adsorption/blocking. A departure from 
these values observed for various films fabricated by other techniques can therefore be assigned 
to losses arising within the catalyst layer. The primary difference between catalyst layers 
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fabricated by the NF-SAD technique (4.5 µgPt/cm2) and the NF-SIPAD technique (18 µgPt/cm2) 
arises from the effective thickness of the two films. Using inductive reasoning, we can directly 
attribute the residual difference between these two techniques (after correction for iR
H+ ,cl-eff
) to 
O2 diffusion losses. 
The loss contribution from the interaction of Pt with ionomer can be separated as 
follows. Catalyst layers fabricated by the NF-SAD and N-RAD techniques (18 µgPt/cm2) exhibit 
nearly identical catalyst layer resistances, which in turn is a measure of O2 diffusion loss. 
Assigning identical O2 diffusion losses, the residual difference between these two techniques can 
then be credited to ionomer-related losses (~150 µA/cm2Pt). The magnitude of the ionomer-
related losses can be substantiated from the plots of SA vs. effective catalyst layer 
resistance/effective thickness with and without ionomer (~200 µA/cm2Pt) as well as SA as a 
function of ionomer cap as exemplified in Fig. 3.20 and 3.21 of the previous section. 
Catalyst layers fabricated by the N-RAD and N-SAD techniques share identical 
ionomer related losses (I/C 0.5) but suffer from dissimilar O2 diffusion losses due to significant 
differences in the degree of non-uniformity and hence effective thicknesses. Therefore, the 
residual difference from the kinetic currents obtained from the N-RAD and N-SAD technique 
can be attributed to higher O2 diffusion for the N-SAD technique due to its thick and highly non-
uniform coffee ring films. To further support our argument, we correlated the effective catalyst 
layer resistance for the various catalyst layers to O2 diffusion. It was found that N-SAD films 
have 2.5x the effective thickness as the N-RAD technique and the NF-SAD films corroborating 
the validity of our analysis.  Thus, using estimates obtained from various diagnostics and 
induction, we have obtained a reasonable break-down of losses within the RDE catalyst layers 
having varying film properties fabricated by different techniques. 
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3.5.5 Implications for PEMFCs 
A comprehensive paper83 originated from General Motors in which the status of 
baseline Pt/C catalyst activity (in RDE and subscale PEMFC platforms) as well as target 
performance projected for successful automotive commercialization was delineated. They 
compared the ORR activity (for identical catalysts) in TF-RDE and MEAs of PEMFCs under 
quite different conditions (0.9 V, 60oC, 100 kPa, 20 mV/s in 0.1 M HClO4 vs. 0.9 V, 80oC, 103 
kPa, 100% RH and 15 min/point) to obtain MA values that ranged from 200 mA/mgPt to 160 
mA/mgPt. Based on these results, they argued that the ORR activity obtained from RDE 
experiments measured in non-adsorbing electrolytes such as 0.1 M HClO4 was a valid predictor 
of the performance in PEMFCs incorporating PFSA ionomers in their catalyst layers. Previously, 
Paulus et al.13 had also conducted a detailed analysis to demonstrate equivalence between the 
measured ORR activity in their RDE studies in 0.5 M HClO4 to the kinetic limit reported for 
PEMFCs by Wilson et al.;129 they rationalized a factor of 3x higher activity found in PEMFCs to 
a 3x higher O2 solubility in recast Nafion. Bearing in mind the significant differences between 
RDE and PEMFC electrode, electrolyte, measurement protocol and operating conditions, it is 
debatable whether the absolute magnitudes of activity measured in the two systems can be 
compared meaningfully. Firstly, the evaluation protocols are vastly different between RDE and 
MEA studies and cannot be reconciled. As emphasized in Chapter 2 and literature,130 the 
measured activity strongly depends on temperature, scan rate, scan direction and initial potential. 
Scan rates employed for activity measurements in RDE studies are in contrast to pseudo-steady 
state measurements in fuel cells, in part, due to the facile poisoning of the Pt catalyst by the 
perchloric acid electrolyte. For a given rotation speed (impurity flux), the impact of poisoning 
and activity loss is accelerated at low Pt loadings (low roughness factor) leading to additional 
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complexities. Secondly, although the catalyst layer structure in MEAs and Nafion-based RDE 
films is analogous w.r.t. porosity and ionomer coverage, the pores of the RDE films are 
completely flooded with acid. Over and above, significant O2 diffusion losses are present within 
the catalyst layer in the Nafion-based thick RDE films (Fig. 3.22, N-SAD) that are typically left 
uncorrected. Based on the discussion above, neither Nafion-based nor Nafion-free catalyst layers 
can be expected to result in ORR activities having comparable absolute magnitudes to that in 
MEAs of PEMFCs. Nevertheless, rough trends in ORR specific activity for some Pt based 
catalysts in RDEs and MEAs (e.g. PtCo/C, PtNi/C) have been found to be consistent.18,49,130–133 
Any departure that may be observed between RDE and MEA trends may be ascribed to due to 
thick non-uniform films in some RDE studies as well as the detrimental effect of base metal 
leachants on the limited protonic sites of the ionomer in the cathode catalyst layer.83 
A critical and unresolved challenge in PEMFCs that has arisen with the attempts at 
reducing Pt loading and cost is the lower than projected peak power for cathodes incorporating 
ultra-low Pt loadings. The issue is being studied intensively and different groups111,134–138 have 
identified several possible routes including catalyst interaction with Nafion. In MEAs of 
PEMFCs, since it is not possible to carry out an investigation in the absence of ionomer (ionomer 
is indispensable for proton conduction), the contribution of the ionomer adsorption/blocking 
cannot be easily examined. In our studies it is possible to include Nafion ionomer in the catalyst 
layer of RDEs to partially simulate the environment of Pt in MEAs (as a function of potential) 
and quantify the percentage loss in kinetics due to adsorption/blocking. A similar phenomenon 






 We draw the following conclusions from the key experimental findings and analysis 
discussed in the paper: 
 
1. The ORR activity for Pt/HSC films fabricated using the NF-SIPAD technique was 
determined to be: MA 870 ± 91 mA/mgPt and SA 864 ± 56 µA/cm2Pt; and 
corresponding values for Pt/V were: MA 706 ± 42 mA/mgPt and SA 1120 ± 70 
µA/cm2Pt measured in 0.1 M HClO4 at 20 mV/s, 100 kPa O2 and 23oC. This 
corresponds to a three-fold enhancement of measured SA and MA compared to the 
traditional N-SAD technique widely used in the literature. The magnitudes of activity 
are the highest reported at this time for TKK Pt/HSC and Pt/V in the literature. We 
note that the actual ORR activity of Pt in a given electrolyte is not known. Based on the 
film quality of the NF-SIPAD technique, low catalyst layer resistance and I-V profile 
that approaches poly-Pt, we can rationalize that we have approached a plateau for SA 
values, but reserve judgment at this point. 
2. The SA of bulk poly-Pt was found to be ~2.8 mA/cm2Pt. The ratio of SA for bulk poly-
Pt to Nafion-free thin-uniform catalyst layers of Pt/HSC (~2.5 nm particle) is ~3, 
which is much more shallow than originally thought (~10). 
3. On comparing Nafion-based and Nafion-free Pt/HSC and Pt/V catalyst layers for RDE 
evaluation of the SA using N-SAD, N-RAD and NF-SIPAD techniques, it was found 
that the reproducibility was higher for N-RAD (Pt/HSC: 29 samples, 10% RSD, Pt/V: 
49 samples, 4% RSD) and NF-SIPAD (Pt/HSC: 44 samples, 7% RSD, Pt/V: 20 
samples, 6% RSD) techniques as compared to traditional N-SAD (Pt/HSC: 28 samples, 
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12% RSD, Pt/V: 42 samples, 16% RSD). The RAD technique was least influenced by 
operator skill while the SIPAD technique was sensitive to operator skill, precise 
leveling of the sample holder and humidity. 
4. The statistical invariance of the ECA (Pt/HSC: 99 ± 6 m2/gPt; Pt/V: 65 ± 5 m2/gPt) for 
thick, non-uniform films as well as thin uniform films, both with and without Nafion 
ionomer, indicates that access to protons and electrons at the Pt active sites for the 
HUPD reaction is facile, i.e., Pt utilization is high and almost identical for all catalyst 
layers tested. This invariance allows us to decisively attribute the entire change in MA 
directly to a change in the SA for the various catalyst layers. The invariance of the O2 
diffusion limiting current for all the catalyst layers studied (5.8 ± 0.1 mA/cm2) allows 
us to apply the basic K-L expression without any correction for a discrete film 
resistance in series with the catalyst layer. However, since only the catalyst in the 
vicinity of the bulk electrolyte is accessed under limiting current conditions, it is not an 
indicator of the absence of O2 diffusion within the catalyst layer. 
5. EIS measurements coupled with SEM can be used to estimate the effective thickness of 
non-uniform films that, in turn, may be considered a measure of mass transport losses. 
A breakdown of losses based on EIS, SEM, and electrochemical measurements reveals 
that the primary loss within the catalyst layers are due to O2 diffusion, followed by 
ionomer-related losses and lastly, very small losses due to catalyst layer ionic 
resistances. 
6. For conventional thick non-uniform films in RDE studies (N-SAD), the loss due to O2 
diffusion was found to be significant, and its contribution likely to vary with catalysts. 
Therefore, an activity comparison involving the conventional SAD technique may not 
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be the best predictor of activity trends. Since it is an arduous task to account and 
correct for losses within the catalyst layer, we propose fabricating extremely thin 
uniform films using techniques such as SIPAD in order to obtain the highest 
measurable activities. 
7. It is not possible to predict the absolute value of ORR activity in MEAs of PEMFCs 
based on the absolute values obtained from TF-RDE studies, even for identical 
protocols, based on the dissimilarities of the Pt | Electrolyte interface in the two 
systems and poisoning from electrolyte in RDE experiments. However, the trends in 
activity between the two systems have generally been shown to be valid for Pt based 
catalysts. The influence of ionomer on the catalyst activity can be studied in TF-RDE 
and may provide useful insights into the mechanism of ionomer adsorption/blocking in 
practical PEMFCs where studies without ionomer are not possible. 
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4.1 Abstract 
Thin-film rotating disk electrodes (TF-RDEs) have become the preferred half-cell 
technique for screening small lab-scale quantities of electrocatalysts targeted for proton 
exchange membrane fuel cells. Utilizing standardized protocols and best practices for Nafion-
based catalyst layer fabrication, we demonstrate that catalyst layers fabricated with the rotational 
air drying technique result in improved film quality and ~1.6x higher ORR activity as compared 
to the conventional stationary air drying technique for PtCo/C catalysts. The ORR activity of a 
series of candidate Pt-based electrocatalysts having improved kinetics (Pt-alloys), corrosion-
resistance carbon supports, various Pt wt% and the implications for practical proton exchange 
membrane fuel cells (PEMFCs) is discussed. 
4.2 Introduction 
With the imminent commercialization of automotive PEMFCs, research has 
accelerated on the residual issues of electrocatalyst cost in labs worldwide.  In order to meet the  
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cost target ($30/kW), a factor of x4 reduction of Pt content to 10 g/100 kW-stack is necessary. 
The target can be achieved by developing novel catalysts that have a x4 enhancement in ORR 
activity over the current status. Universities and laboratories typically synthesize extremely small 
quantities of novel high activity candidate electrocatalysts not suitable for evaluation in a fuel 
cell.  A rapid screening half-cell technique that produces reliable values is indispensable for 
evaluation of these materials prior to scale-up. Half-cell techniques have been employed to 
measure the ORR specific activity (SA) and mass activity (MA) of nanoparticles catalysts and 
used as a predictor of the activity in actual fuel cells for the last 50 years. We take a brief look at 
the various half-cell techniques that are available for evaluation of PEMFC catalysts and point 
out their advantages and disadvantages versus the RDE technique that has, of recent, become the 
technique of choice. 
The floating electrode technique was originally applied to study the kinetics of ORR 
and mass transport in PAFCs between the 1960’s and 1980’s.1–13 In these initial studies, PTFE 
bonded catalyst layers (~200 µm) were coated on a gas diffusion layer (GDL); the electrode was 
positioned so that it was in contact with the acid electrolyte but not immersed and flooded.4  
Some of the pores in the catalyst layer and GDL functioned as gas phase O2 transport pathways 
due to the hydrophobic nature of PTFE; due to hydrophilicity of the catalyst interface with the 
electrolyte, proton transport pathways are also present. Since O2 transport takes place 
predominantly through the gas phase, O2 diffusion-limited currents are typically large in these 
systems and this method has been successfully used to screen novel electrocatalyst for PAFCs 
and reasonably high values of activity have been obtained. The activity trend of Pt-based 
catalysts measured by the floating electrode method9 is comparable to that reported by other 
techniques,14–19 and to that in actual fuel cells. However, the technique suffers from a few 
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drawbacks related to the thickness of the catalyst layer: i) O2 transport to some catalyst sites that 
are far from the gas pores is slow;2,3,12  ii) the iR loss within the catalyst layer can be significant 
and is anticipated to affect the ORR activity measurement supported by studies of ~10 µm thick 
layers on MEAs;20–23 iii) the method requires relatively large amount of catalyst (~1 g) to 
fabricate the electrodes. 
The floating electrode method originally used with PTFE bonded electrodes for PAFCs 
has recently been adapted for PEMFC studies.24–26 Antolini et al.24 studied the effect of Nafion 
content on the ORR performance of catalyst layers; the catalyst layers fabricated in this work, 
however, were 40 µm in thickness with a loading of 200 µgPt/cm2, and suffered from mass 
transfer limitations and thus resulted in inaccuracies in the ORR measurements. Later, Chen et 
al.25 fabricated Pt film (3 nm thick) deposited on a carbon cloth supported on a porous PTFE 
membrane substrate in an attempt to minimize the O2 transport limitation by the thin electrolyte 
film on catalyst surfaces. The electrode is sandwiched between two cell components so that one 
side of the electrode is in contact with electrolyte solution and the other side of the electrode is 
directly connected to the gas phase. They demonstrated that with their configuration kinetic 
currents could be obtained over a wide potential range (0.6–0.9 V vs. RHE). Most recently, 
Zalitis et al.26 have reported the use of thin Pt/C catalyst layers (0.16 µgPt/cm2 to 2.5 µgPt/cm2, 
where 0.16 µgPt/cm2 in 200 nm in thickness) to apply the learnings from Chen et al.25 for Pt/C 
catalysts. In order to obtain a thin film, catalysts were deposited on the substrate material by 
vacuum filtration of a catalyst ink (Pt/C catalyst, Nafion and organic solvents). The substrate was 
a Teflon coated porous polycarbonate track etched (PCTE) membrane with Au sputtered on one 
side; Au functions as electron collector and hydrophobic pores provide gas phase O2 transport 
pathways. Large O2 diffusion limiting currents were achievable using this method compared to 
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the maximum limiting current obtained by the RDE method. Hence, kinetic currents could be 
obtained at potential range greater than ~0.6 V vs. RHE. The SA for a Pt/C catalyst measured 
using this method is comparable to the literature values measured using conventional TF-RDE 
method,18,27–30 but is only half of that measured using advanced TF-RDE methods.19,27,29–33 This 
could partially stem from the difference in perchloric acid concentration used as the electrolyte 
solution (4.0 M in this method and 0.1 M in the literature reporting the higher SA29–31) as higher 
concentrations of acids are known to lower the measured activity due to increased anion 
poisoning.34–37 Another shortcoming of this method is that the Pt loading cannot be accurately 
controlled because the pore size of the PCTE membrane is so large that some catalyst 
agglomerates can pass through the membrane. With ongoing refinements, the floating electrode 
technique can become a powerful alternative for the study of ORR kinetics in the future. 
In 2008, Kucernak et al.38 proposed a gas phase wall-jet electrode method in an attempt 
to fabricate a PEMFC-like system that achieves large O2 diffusion limiting current and requires 
only small amount of catalysts (10’s of mg). In this method, a catalyst and Nafion ionomer is 
deposited on a Au grid (~10 µgPt/cm2) and pressed onto a Nafion membrane using a glass tube 
with Au coating. This structure allows the catalyst to connect protonically to the membrane and 
electronically to the current collector (Au). A Pt counter electrode is in contact with the 
membrane on the other side, and an RHE is attached on the membrane to control potential of the 
working electrode. Gases introduced from the needle placed in the glass tube impinge the 
catalyst and allow fast O2 transport. They demonstrated a large limiting current allowing a 
kinetic current to be measured over a wide potential range. However, the SA for Pt/C catalyst (80 
µA/cm2Pt) is lower than that reported in the literature based on conventional TF-RDE techniques 
and FC testing (~250 µA/cm2Pt and ~200 µA/cm2Pt, respectively18). A possible cause of the lower 
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measured activity could be attributed to the fact that the wires of the Au grid are fairly wide and 
O2 cannot diffuse quickly to the catalyst deposited near the central region of the wire. The 
principal advantage of the method is that the ORR activity can be measured in a similar 
environment to the FC with very small catalyst quantities at high temperature and low RH 
conditions. However, the catalyst loading cannot be easily controlled as it needs to be deposited 
on very thin wire substrate.  Although a FC-like system with small amounts of catalysts is highly 
attractive, further refinements are necessary before this technique becomes main-stream. 
Channel Flow Dual Electrode (CFDE) and RDE (including other rotational techniques) 
are generally categorized under hydrodynamic electrode methods. These methods utilize laminar 
flow parallel to the surface of the electrode to achieve controlled mass transport for the entire 
electrode surface area.39,40 The main difference between the two hydrodynamic methods (flow 
and rotational type) is the strategy involved in establishing laminar flow at the electrode surface. 
The primary advantage of these techniques is that a kinetic current can be easily extracted by 
applying the well-known Koutecky-Levich (K-L) equation (Eq. 4.1) for well-defined O2 








        (4.1) 
 
where i is the raw current, ik is the kinetic current, 𝑖lim is the O2 diffusion limiting 
current.40 A disadvantage of this technique is that the potential range from which kinetic 
information for the ORR can be obtained is narrow (>0.7–0.8 V vs. RHE). 
Gerischer et al.39 originally presented the CFDE method in 1965.  Subsequently, 
Itagaki et al.41 applied this method to study the ORR mechanism on smooth bulk electrodes in an 
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aqueous alkaline solution for the first time in 2003. Wakabayashi et al.42,43 advanced the 
technique by using the CFDE to study temperature dependence on the ORR kinetics for bulk Pt 
alloy materials as well as high surface area catalysts such as Pt/C by forming a thin-film catalyst 
layer on a bulk substrate such as a glassy carbon (GC) substrate (TF-CFDE).44 A typical 
experimental configuration of the CFDE method includes the working electrode, the collector 
electrode, the reference electrode placed in between the collector electrode and the counter 
electrode. By applying a high potential such as 1.2 V vs. RHE, H2O2 (2e− reduction reaction 
product in the ORR) released from the working electrode can be detected at the collector 
electrode.  In addition, the set-up is functional up to ~90°C without solution evaporation so that 
high temperature studies are possible.42–44 A drawback of the CFDE method is the system 
complexity including long tubes that are difficult to clean than alternative set-ups; the effect of 
contamination is reflected in the significantly lower activity values than that obtained using RDE 
techniques.43,45 
Since the original work of Gloaguen et al.46 who introduced the TF-RDE method, 
refinement/modification of the catalyst layer fabrication technique and measurement protocols 
have been ongoing for the last two decades.17,19,27,28,30,31,33,47–52 In the TF-RDE method, the 
catalyst is mixed with solvent and Nafion and dispersed to form an ink that is deposited on a GC 
electrode tip and dried to form a catalyst layer. TF-RDE techniques have several advantages 
including: (i) high throughput, (ii) extremely small amounts of catalysts, and, (iii) commercial 
availability that has led to its widespread popularity. Schmidt et al.47 advanced the technique by 
introducing Nafion ionomer in the form of a ‘cap’ over the Pt/C electrode to obtain stable 
catalyst films with simplified catalyst layer structure. Paulus et al.49 studied the effect of Nafion 
cap film thickness on the ORR using the catalyst layer fabrication technique reported by Schmidt 
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et al.47 and concluded that 1/if term in the extended K-L equation (Eq. 4.2) becomes negligible 










        (4.2) 
 
where 𝑖d is the O2 diffusion limiting current through the bulk eletrolyte and 𝑖f is the O2 
diffusion limiting current through the ionomer film (when 1/if = 0, 1/ilim = 1/id).53 Higuchi et al.54 
employed a controlled ink drying process that allows an uniformly dispersed ultra-thin catalyst 
layer, and re-evaluated the effect of Nafion cap thickness on the ORR activity measurement (TF-
CFDE). They concluded that for the Nafion film thickness <0.1 µm 1/if term becomes negligible. 
Takahashi et al.28 were among the first to investigate the impact of catalyst ink 
formulation on the ECA and ORR activity by varying the proportion of water to IPA, as well as 
sonication time; they reported ~20% ECA increase with optimized ink formulations. They 
reliably determined average values (10 samples) of ECA, SA and MA for 46 wt% TKK Pt/HSC 
of 91 m2/gPt, 292 μA/cm2Pt and 266 mA/mgPt at 0.9 V, 25°C, 100 kPa, 10 mV/s in 0.1 M HClO4. 
However, the measured ORR activity has been found to be a function of the applied 
measurement protocol, ink formulation and dispersion as well as the resulting film quality; a 
prerequisite is the impurity level in the electrochemical system that can be estimated based on 
the ORR activity of a poly-Pt disk. Pollet et al.51 studied the effect of sonication (frequency, 
power, duration to disperse Pt/C catalyst inks) on the ECA. They found sonication power of ~2–
3 W for <30 min resulted in the highest ECA and reported the ECA of ~100 m2/gPt for 46 wt% 
TKK Pt/HSC in 0.1 M HClO4. They also demonstrated that sonication at higher powers quickly 
increased the ink temperature and a longer sonication resulted in deleterious effect on the ECA. 
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Garsany et al.29,31,50 in a series of papers incrementally improved the quality of RDE films to 
obtain reproducible results; they introduced for the first time a rotational drying technique to 
reduce the ‘coffee ring effect’ that resulted in a thick band of catalyst being deposited at the 
periphery of the electrode. They reported x~1.7 higher measured SA using their rotational drying 
technique compared to that obtained with the catalyst layers fabricated using conventional 
stationary drying technique. Ke et al.30 reported higher SAs (x1.6) for films (<1 µm) fabricated 
with a novel, proprietary automated ink-dispensing device capable of depositing thousands of 
’nanoliter sized droplets’ onto the GC compared to SAs obtained with the catalyst layers 
fabricated using conventional stationary drying technique. Nesselberger et al.19 and van der Vliet 
et al.52 elucidated the importance of iR and background current corrections that is only 
sporadically applied by researchers to obtain the ORR activities. Most recently, Kocha et al.27 
and Shinozaki et al.33,55 carried out investigations on the effect of ionomer in the RDE catalyst 
layer and fabrication techniques and also established standardized ORR measurement protocols 
in collaboration with other laboratories.56 
In this work, we focus primarily on the rotational air drying technique which is less 
susceptible to user skill and produces more uniform films than the conventional stationary air 
drying technique. The ORR activity of a number of Pt-based electrocatalysts such as Pt-alloy/C 
and Pt/graphitized supports has been reported in the literature using traditional stationary air 
drying techniques that included unaccounted O2 diffusion losses. In the light of recent work 
including the development of standardized protocols and best practices, we have re-examined a 
series of catalysts using Nafion-based rotational air drying techniques as they are anticipated to 





4.3.1 Electrocatalysts, Chemicals and Reactant Gases 
All catalysts employed in this study were manufactured by Tanaka Kikinzoku Kyogyo 
(TKK, Japan) and the detailed specifications along with the nomenclature for the various 
catalysts are listed in Table 4.1.  Surface area obtained from BET method and CO chemisorption 
and crystallite size from XRD were provided by the manufacturer.  Deionized (DI) water (>18.2 
MΩ·cm, TOC <5 ppb) from a Milli Q system (Millipore) was used in acid dilutions and 
glassware cleaning.  The following chemicals were used in electrolyte preparation and ink 
formulation: Isopropanol (IPA, CHROMASOLV® Plus, for HPLC, 99.9%, Sigma-Aldrich), 
Nafion solution (DE520, EW1000, 5 wt%, 0.924 g/mL, Sigma-Aldrich), 0.05 μm alumina 
dispersion (Buehler Inc.), concentrated (conc.) sulfuric acid (Certified ACS Plus, Fisher 
Scientific), Nochromix® (Godax Laboratories, Inc.), and 70% perchloric acids sourced from: 
Veritas® Doubly Distilled (GFS chemicals) and Superior ACS (GFS chemicals) were diluted to 
prepare electrolytes in this work.  Measured amounts of 70% HClO4 were poured directly from 
the original acid container into clean PFA or FEP bottles and diluted to prepare HClO4 solutions.  
All electrochemical measurements were carried out in 0.1 M HClO4 aqueous solution prepared 
from 70% HClO4 and DI water.  Gases used in this study were classified as ultrapure grade (N2, 
99.9999%, H2, 99.999%, O2, 99.9999%, CO 99.998% Matheson Gas). 
4.3.2 Instrumentation 
A microbalance (UMX2, Mettler Toredo) and ultrasonicator (FS30H, Fisher Scientific, 
output: 42 kHz, 100 W) were used for catalyst ink preparation. An optical microscope 
(AM4815ZT Dino-Lite Edge, Dino-Lite Digital Microscope) was routinely used to conduct low-
resolution inspection of catalyst layers on GC. Autolab PGSTAT302N potentiostat operated with  
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26.1 Pt HSC Pt/HSC NA 577.3 271 1.8 
46.4 Pt HSC Pt/HSC TEC10E50E 316.1 132.6 2.6 
67 Pt HSC Pt/HSC TEC10E70TPM 239.4 131.9 3.1 
46 Pt Graphitized HSC Pt/G-HSC TEC10EA50E 93.2 65.0 2.5 
29 Pt Vulcan Pt/V TEC10V30E 143.7 157.3 2.5 
46.4 Pt Vulcan Pt/V TEC10V50E 97.9 77.6 2.5 
46.2 Pt Graphitized Vulcan Pt/G-V NA 58 70.7 2.3 
Pt:Co = 
46.4:5.0 HSC PtCo/HSC TEC36E52 82 351 3.9 
Pt:Ni = 
46.2:6.0 HSC PtNi/HSC NA 349.0 NA 3.3 
Pt:Co:Mn = 
46.9:3.4:1.2 HSC PtCoMn/HSC NA 338.3 98.0 NA 
   
NOVA software from Metrohm was used to obtain cyclic voltammograms (CVs), ORR I-V 
polarization curves, in-situ iR correction and electrochemical impedance spectroscopy 
(EIS).RDE Rotators, PTFE rotator shafts glassy carbon (GC: ϕ = 5 mm, 0.196 cm2, embedded in 
a PTFE cylinder) were obtained from Pine Instruments. A JEOL JSM-7000F Field Emission 
Microscope with EDAX Genesis Energy Dispersive X-Ray Spectrometer was employed to 
conduct SEM and EDX characterization and detailed analysis of the distribution of catalyst on 
GC substrates. 
4.3.3 Electrochemical Cell Set-up 
The electrochemical cell design (130 mL; CE: Pt gauze; RE: RHE; WE: GC with 
catalyst layer) as well as detailed cleaning procedure are described in our previous work.56,57 In 
short, the cleaning procedure includes: (i) conc. H2SO4/Nochromix® soak in large containers 
placed in a hood, and, (ii) copious rinsing and boiling with DI water (3–6 times) with water 
replacement between boils. Between electrochemical experiments, the glassware and 
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components were stored submerged under DI water. The cell was repeatedly rinsed with dilute 
HClO4 solution 2–3 times prior to being filled with a measured amount for experimentation. 
4.3.4 Standardized Electrochemical Measurement Protocols 
Protocols for break-in/conditioning, CVs for electrochemical area (ECA) estimation 
and ORR I-V curve measurements established based on our comprehensive experimental studies 
have been meticulously adhered to in this work and we briefly present these measurement 
protocols.55,56 For break-in/conditioning, potential cycling was conducted in the range 0.025–1.2 
V at 500 mV/s for 50–100 cycles. HUPD (adsorption) charge was obtained from the third cycle of 
CV measured in 0.025–1.0 V at 20 mV/s under N2 atmosphere and ECA was estimated using 
210 µC/cm2Pt. ORR I-V curve was measured from –0.01 to 1.0 V at 20 mV/s and 1600 rpm under 
O2 atmosphere. Correction for background (b.g.) currents were applied to all ORR I-V curves 
measured with in-situ correction of solution resistance (Rsoln). All measurements were conducted 
at 23 ± 2°C. ORR kinetic currents have been corrected to 100 kPa O2 and Koutecký-Levich 
equation was applied to correct for O2 diffusion in electrolyte solution to obtain the SA 
(μA/cm2Pt) and MA (mA/mgPt). The SA and MA are reported at 0.9 V vs. RHE in this work. 
High frequency resistance was acquired to obtain Rsoln using an FRA (AutoLab) at 0.45 V under 
N2 atmosphere (2500 rpm) with a 5 mV amplitude voltage perturbation. 
4.3.5 Catalyst Layer Fabrication Techniques 
The GC tips were polished using 0.05 μm alumina, rinsed with DI water, sonicated in 
DI water for ~30 seconds followed by a final DI water rinse. The tips were dried using a nitrogen 
gun prior to apply catalyst inks. Catalyst inks were prepared by mixing 5.3–12.1 mg Pt/C or 
PtCo/C catalyst powder with 7.6 mL DI water, 2.4 mL IPA, and 19–93 μL (I/C = 0.5) of 5 wt% 
Nafion solution27,33 and sonicated in an ice-water bath until catalyst ink is well-dispersed (~20 
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minutes). A 10 μL aliquot of the catalyst ink (18 µgPt/cm2) was pipetted onto the polished GC tip 
mounted on an inverted rotator shaft at 100 rpm. The ink was subsequently dried under ambient 
conditions by increasing and maintaining the rotator speed at 700 rpm for a period of 15 min.29 
We refer to this fabrication technique as ‘rotational air drying’ or N-RAD technique where ‘N’ 
refers to Nafion incorporation. Alternatively, the conventional Nafion-based fabrication 
technique that involves deposition of a similar catalyst ink onto a stationary GC tip is referred to 
as the ‘stationary air drying’ or N-SAD technique. 
4.4 Results and Discussion 
One of the elementary ways to determine the qualitative degree of uniformity of a 
catalyst layer on GC is through the observation of the ORR I-V profile. Fig. 4.1 depicts the ORR 
Tafel plots and I-V profile (inset) for catalyst layers of identical loading (18 µgPt/cm2, Pt/HSC) 
fabricated using the N-SAD and N-RAD techniques as well as bulk poly-Pt. It is evident that in 
the mixed kinetic-diffusion regime, the I-V profile for layers fabricated by the N-RAD technique 
exhibits a sharper transition to the limiting current and exhibits lower Tafel slopes. In fact, ORR 
I-V profiles for poly-Pt may be considered to be the limiting case for a thin film (roughness 
factor of ~1.3) and exhibits the sharpest transition. 
SEM images of the tilted catalyst layer on GC for Pt/HSC using the N-SAD technique 
(Fig. 4.2a, 4.2b) and the N-RAD technique (Fig. 4.2c, 4.2d) illustrate the variation of the 
thickness at the periphery (edge, yellow) and central regions (rest). Although both films show a 
certain degree of ‘coffee ring’ feature at the periphery, the width of this band is lower by 50% for 
the N-RAD technique. Since catalyst layers fabricated by both techniques have different degrees 
of uniformity, we estimate an effective thickness from thickness and the vol% of its thickness 
(vol% weighted thickness) as a measure of O2 diffusion path length. To estimate the effective 
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thickness, catalyst layer was separated into two regions, periphery (yellow area in Fig. 2) and the 
rest of area. The distribution of catalyst was estimated to be ~70 vol% on periphery and ~30 
vol% on the rest of area for catalyst layers fabricated by the N-SAD technique and ~30 vol% 
periphery and ~70 vol% on the rest of area for those fabricated by the N-RAD technique. The 
effective thickness was estimated to be ~2.6 µm for the layers fabricated by the N-SAD 
technique while ~1.8 µm for those fabricated by the N-RAD technique for identical catalyst 
loadings. Although our process of estimation involves some errors, the resultant porosity of the 
catalyst layers (65–75%), calculated from the total volume of the catalyst layer, carbon/ionomer 
loading and carbon/ionomer densities (2 g/cm3), agrees closely with that reported in literature for 
MEAs of PEMFCs.21,58 Figure 4.3 shows elemental maps that reveal (F signals) the location of 
Nafion ionomer to be predominantly over the coffee ring band (Pt signals) regardless of catalyst 
layer fabrication techniques. 
 
 
Figure 4.1 (a) I-V curves, and (b) Tafel plots for 46.4 wt% Pt/HSC catalyst layers fabricated 
using N-SAD and N-RAD techniques. All experiments conducted at 23oC, 20 mV/s, 1600 rpm in 






Figure 4.2 Catalyst distribution estimation from tilted sample SEM images: (a, b) N-SAD, (c, d) 
N-RAD, (a, c) near edge area, (b, d) edge area. Catalyst removed over a narrow band (green 




Figure 4.3 SEM and EDX mapping images (x250) for the peripheral ‘coffee ring’ area of a 
Pt/HSC catalyst layers on GC substrate fabricated using the N-SAD (a–d) and RAD (e–h) 
techniques: (a, b) secondary electron (SE), (b, f) platinum (Pt) map, (c, g) carbon (C) map, and 





























The results for Pt/HSC discussed in Fig. 4.1 may also be summarized concisely as a bar 
chart detailing ECA, SA, MA and ilim (Fig. 4.4). The O2 diffusion limiting currents (ilim) are an 
indicator of coverage of geometric area with catalyst as long as Nafion content in catalyst layer is 
low enough not to affect O2 diffusion in RDE experiments.49,54 Although distribution of Nafion 
in catalyst layer is expected to be different from the literature49,54 and our work because of 
difference in Nafion incorporation process (cap vs. mixed in ink), we note that calculated Nafion 
thickness assuming cap form in our work (0.02–0.1 µm) is below the threshold value reported in 
literature (0.1–0.2 µm).49,54 The magnitude of ilim for N-SAD technique (5.7 ± 0.1 mA/cm2) was 
found to be comparable to that for the N-RAD technique (5.84 ± 0.06 mA/cm2), which is close to 
the theoretical value (5.99 mA/cm2) obtained using kinematic viscosity (1.009 x 10–2 cm2/s59), 
solubility (1.26 mol/dm3 59) and diffusivity (1.90 x 10–5 cm2/s60)). 
We fabricated catalysts layers using the two techniques discussed above for PtCo/C as 
shown in Fig. 4.4 to verify the advantages of using the N-RAD technique. A similar 
enhancement (x~1.6) in the measured SA between the N-RAD and N-SAD techniques was 
observed for PtCo/C and Pt/HSC. The SA enhancement from Pt/HSC to PtCo/HSC observed for 
the films fabricated with both N-SAD and N-RAD techniques was almost identical (x1.9 and 
x2.0). Similar SA enhancement factors (x1.9) have been also reported in literature employing 
SAD technique for PtCo/C.28 
Based on the experimental results for Pt/HSC and PtCo/C discussed above, we 
examined a series of PEMFC candidate catalysts tabulated in the experimental section 
exclusively using the N-RAD technique. Figure 4.5 depicts the ECA, SA and MA for Pt/HSC, 
PtCo/HSC, PtNi/HSC, PtCoMn/HSC. PtCo/HSC and PtNi/HSC exhibit x1.8–2.1 higher SAs 




Figure 4.4 ECA, SA and MA at 0.9 V vs. RHE for 46.4 wt% Pt/HSC and PtCo/HSC catalyst 
layers fabricated using SAD and RAD techniques.  All ORR experiments conducted at 23°C, 20 
mV/s, 1600 rpm in O2 saturated 0.1 M HClO4 electrolytes. 
 
ECAs (47–61 m2/gPt) than Pt/HSC (99 ± 5 m2/gPt) since the alloying procedure requires some 
heat treatment/annealing at high temperatures that leads to particle growth and agglomeration. 
PtCoMn/HSC exhibited the highest SA (x2.1 vs. Pt/HSC) and MA (x1.3). The SA increase 
observed for the PtCoMn/HSC is comparable to that reported in the literature for PtCoMn NSTF 
over Pt NSTF (x1.7) in 0.1 M HClO4 at 20°C.61 A marginally higher SA enhancement observed 
for PtCoMn/HSC could be due to contributions from the particle size effect.62 Although we have 
not observed a significant improvement in MA for the TKK Pt-alloy/C catalysts, some literature, 
as well as our work on PtCo/C (not shown) from alternative suppliers have demonstrated ~2–3 
times activity improvement.18,63–65 Part of the discrepancy may stem from different conditioning 
procedures, sensitivity to ionomer content, inconsistent baselines, etc. 
The selection of Pt wt% has tremendous significance in the design of practical PEMFC 
electrodes since (i) the mean particle size increases with Pt wt%, and (ii) the catalyst layer 
thickness decreases with Pt wt%. In order to meet the end of life (EOL) durability and 




Figure 4.5 ECA, SA and MA at 0.9 V vs. RHE for Pt/HSC and Pt-alloy/HSC (46 wt% Pt) 
catalyst layers fabricated using RAD techniques.  All ORR experiments conducted at 23°C, 20 
mV/s, 1600 rpm in O2 saturated 0.1 M HClO4 electrolytes. 
 
nanoparticles degrade more rapidly than larger particles but have a higher initial ECA and hence 
MA. Simultaneously, the catalyst layer thickness has to be optimized; a thick catalyst layer 
would lead to a higher catalyst layer resistance and O2 diffusion resistance whereas an extremely 
thin catalyst layer would tend to flood easily. Also, recent reports from automotive 
manufacturers suggest that catalysts with low ECAs can cause a negative impact at peak power 
density since the local mass transport resistance increases with the inverse of ECA.66–68 In Fig. 
4.6, we observe that the 26 wt% Pt/HSC (142 ± 2 m2/gPt) has the highest ECA, but also the 
lowest SA; as a result, the MA which is the product of the ECA and SA is not particularly high. 
For 67 wt% Pt/HSC, the ECA is low (78.0 ± 0.7 m2/gPt) due to facile agglomeration of 
nanoparticles that are in close proximity during synthesis. For the three Pt/HSC catalysts 
evaluated in this study, 46.4 wt% Pt/HSC has a moderate ECA (99 ± 5 m2/gPt) and the highest 
MA. With exception of 67 wt% Pt/HSC, the Pt/HSC and Pt/V catalysts clearly exhibit a trend of 
lower SA with higher ECA that hints at the particle size effect. 
One of the issues that plague PEMFCs is the low durability of the high surface area 




Figure 4.6 ECA, SA and MA at 0.9 V vs. RHE for different Pt wt% of Pt/HSC and Pt/V catalyst 
layers fabricated using N-RAD technique. All ORR experiments conducted at 23°C, 20 mV/s, 
1600 rpm in O2 saturated 0.1 M HClO4 electrolytes. 
 
the Pourbaix diagrams but due to slow kinetics the corrosion currents become significant above 
0.9 V.69 Cathode catalysts are frequently exposed to such high potentials including OCV (0.95 V 
when a thin membrane is used) as well as potentials >1.5 V during start-up/shut-down and 
during fuel starvation at the anode. As a result, the carbon black support corrodes leading to 
agglomeration of Pt nanoparticles and a concomitant loss in ECA and MA. Although these issues 
have been addressed and partially mitigated through operational controls, a material solution 
would be preferable. Graphitized carbon supports (HSC: ~800 m2/g, G-HSC: ~240 m2/g, V: 
~240 m2/g, G-V ~80 m2/g) are thus possible candidates for improving the durability of PEMFCs, 
but suffer from low surface areas and fewer sites for anchoring the Pt nanoparticles. Figure 4.7 
clearly shows that the ECA for Pt nanoparticles on graphitized supports is lower than on high 
surface area HSC with a consequent lower MA for Pt/G-HSC as well as Pt/G-V. These catalysts 
might still be useful if at the end of cyclic durability tests, the Pt on graphitized supports exhibit 
higher activities due to their stability and corrosion-resistance as reported in literature.70–72 In 
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Table 4.2, the ECA, SA and MA at 0.9 V vs. RHE in 0.1 M HClO4 for Pt based catalysts 
fabricated using the SAD and RAD techniques in this study as well as literature are summarized. 
 
 
Figure 4.7 ECA, SA and MA at 0.9 V vs. RHE for 46 wt% Pt supported on non-graphitized and 
graphitized carbons. Catalyst layers fabricated using N-RAD technique. All ORR experiments 
conducted at 23°C, 20 mV/s, 1600 rpm in O2 saturated 0.1 M HClO4 electrolytes. 
 
Table 4.2 Comparison of the ECA, SA and MA at 0.9 V vs. RHE in 0.1 M HClO4 for Pt based 
catalysts fabricated using the SAD and RAD techniques. 
 
Metal Content 







SA @ 0.9V 
[µA/cm2Pt] 
MA @ 0.9V 
[mA/mgPt] 
Ref. 
45.9 Pt Pt/HSC TKK 2 SAD 80 305a 242a 18 
46 Pt Pt/HSC TKK 10 SAD 91 292 266 28 
46.4 Pt Pt/HSC TKK — SAD 79 360 ± 70b 280b 30 
46.4 Pt Pt/HSC TKK 28 SAD 98 ± 6 311 ± 37 303 ± 33 55 
46.4 Pt Pt/HSC TKK 49 RAD 99 ± 5 485 ± 50 477 ± 42 55,56 
19.7 Pt Pt/V E-TEK 5 RAD 63 ± 2 746 ± 26 470 ± 27 31 
46.4 Pt Pt/V TKK 29 RAD 72 ± 3 670 ± 25 482 ± 24 55 
26.1 Pt Pt/HSC TKK 4 RAD 142 ± 2 296 ± 11 419 ± 18 This work 
67 Pt Pt/HSC TKK 4 RAD 78.0 ± 0.7 460 ± 16 359 ± 13 This work 
46 Pt Pt/G-HSC TKK 4 RAD 66 ± 1 550 ± 20 360 ± 7 This work 
29 Pt Pt/V TKK 4 RAD 94.8 ± 0.8 486 ± 42 461 ± 43 This work 
46.2 Pt Pt/G-V TKK 4 RAD 58.5 ± 0.7 803 ± 24 470 ± 19 This work 
Pt:Co = 46:5 PtCo/HSC TKK — SAD 56 555 309 28 
Pt:Co = 46.4:5.0 PtCo/HSC TKK 24 SAD 47 ± 2 596 ± 41 280 ± 12 This work 
Pt:Co = 46.4:5.0 PtCo/HSC TKK 4 RAD 51.0 ± 0.9 973 ± 51 495 ± 22 This work 
Pt:Ni = 46.2:6.0 PtNi/HSC TKK 8 RAD 57 ± 2 882 ± 60 499 ± 24 This work 
Pt:Co:Mn = 
46.9:3.4:1.2 PtCoMn/HSC TKK 4 RAD 61 ± 2 1026 ± 29 630 ± 28 This work 
a: 1.15 times correction applied for background subtraction based on the statement in Ref. 18, b: 
SA extracted from Fig. 10 in Ref. 30, 1.12 times correction applied to covert the extracted SA at 







 The use of arbitrary RDE measurement protocols and thick/non-uniform catalyst layers 
can lead to discrepancies in the reported values of the ORR activity of Pt-based catalysts. We 
applied standardized protocols and film fabrication procedures to evaluate a series of Pt-based 
electrocatalysts that are of significance to practical PEMFCs and compared them to well-
established baselines values for Pt/HSC and Pt/V. Catalyst layers fabricated using the N-RAD 
technique produced films that were fairly uniform and exhibited reproducible ORR activity in 
0.1 M HClO4 as compared to the conventional non-uniform films obtained using the N-SAD 
technique commonly reported in the literature. Future work includes evaluating the durability of 
these catalysts in RDE and down-selecting a few for MEA fabrication and testing in subscale 
PEM fuel cells. 
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CONCLUSIONS AND PERSPECTIVES 
 
 Although the RDE method has been extensively used to study the ORR activity of 
novel PEMFC electrocatalysts over 20 years, the activity reported for baseline materials such as 
poly-Pt and commercial Pt/C catalysts vary significantly. This thesis study demonstrated that 
some of the discrepancies in measured activity in the literature stem from different level of cell 
glassware and electrolyte impurities, as well as the ORR activity measurement protocols 
including conditioning and corrections. Since it is not possible to compare the ORR activity 
obtained using different impurity levels and protocols, this work provided the ORR activity 
evaluation procedures and protocols down-selected based on extensive systematic studies to 
obtain reproducible ORR activity with minimal effect from impurities in the RDE system. It 
became evident that reliable ORR activity can be obtained only in a transient measurement 
(potential sweep such as at 20 mV/s) in RDE method. Thus, comparison of absolute ORR 
activity values measured using the RDE method and that measured using PEMFC platform 
where the ORR activity is typically measured at steady-state conditions may not offer new 
insights but the trends are expected to be valid. Also, the difference in catalyst | electrolyte 
interface in these two systems should also be taken into account for the ORR activity study using 
the RDE systems. 
 This study also revealed that for the ORR activity measurement of nanoparticle 
electrocatalysts utilizing the TF-RDE method, quality of a catalyst layer fabricated on GC 
substrates is of great importance to obtain reproducible activity with minimal losses due to O2 
diffusion, electronic and protonic resistances within the catalyst layer. With Nafion-free thin 
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uniform catalyst layers fabricated using an advanced technique, the measured specific and mass 
activity were the highest reported in literature for Pt/C catalysts and the losses due to these 
factors were found minimal. In contrast, the activity obtained for conventional Nafion-based 
catalyst layers with coffee ring structure was only ~1/3 and the large portion of the losses was 
attributable to O2 diffusion limitation. These results suggest the significance of the use of best 
practices to obtain reliable baseline ORR activity values for benchmarking novel electrocatalysts. 
Thus, the ORR activity values of the baseline Pt/C catalysts were reported using best practices 
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